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ABSTRACT

The photosynthetic reaction center is a type of pigment-protein complex
found widely in photosynthetic bacteria, algae and higher plants. Its functomn is t
convert the energy of sunlight into a chemical form that can be used to support
other life processes. The high efficiency and structural simplicity nieke t
bacterial reaction center a paradigm for studying electron transfe
biomolecules. This thesis starts with a comparison of the primary electron
transfer process in the reaction centers fronRifaelobacter shperoides
bacterium and those from its thermophilic homolGly,or oflexus aurantiacus.
Different temperature dependences in the primary electron transtefaued in
these two type of reaction centers. Analyses of the structural diffessdetween
these two proteins suggested that the excess surface charged amias a@tls
as a larger solvent exposure area inGhleroflexus aurantiacus reaction center
could explain the different temperature depenence. The conclusion from this work
is that the electrostatic interaction potentially has a majortedfethe electron
transfer. Inspired by these results, a single point mutant was designed for
Rhodobacter shperoides reaction centers by placing an ionizable amino acid in
the protein interior to perturb the dielectrics. The ionizable group in the mutation
site largely deprotonated in the ground state judging from the cofactor absorption
spectra as a function of pH. By contrast, a fast charge recombination assoicated
with protein dielectric relaxation was observed in this mutant, suggesting the
possibility that dynamic protonation/deprotonation may be taking place dbheng
electron transfer. The fast protein dielectric relaxation occuring in thignmn



complicates the electron transfer pathway and reduces the yielttrbal
transfer to Q. Considering the importance of the protein dielectric environment,
efforts have been made in quantifying variations of the internal field during
charge separation. An analysis protocol based on the Stark effect of reaction
center cofactor spectra during charge separation has been developed to
characterize the charge-separated radical field acting on probe chromopheres
field change, monitored by the dynamic Stark shift, correlates withs It
identical to, the electron transfer kinetics. The dynamic Stark shiftsdsgve
lead to a dynamic model for the time-dependent dielectric that is compégent
to the static dielectric asymmetry observed in past steady Statensms.

Taken together, the work in this thesis emphasizes the importance of

protein electrostatics and its dielectric response to electron transfe



DEDICATION

Dedicated to my family, for their love.



ACKNOWLEDGMENTS
| am greatly indebted to my PhD. Advisor, Dr. Neal Woodbury, a man with
amazing leadership charisma, strong academic capability, and a ricagiey.
In the past five years, you provided me the best you can gave without any
reservations. | received financial aids from you so that | could focusseanch; |
enjoyed the freedom you gave to me to try and explore new things. You tried all
you could to teach me how to do research, how to write, and amused me with the
anecdotes about those photosynthesis people. There is much more that | cannot
put here because | have to leave space for others.
Dr. Su Lin, you introduced me into this group, and | am so lucky to have you as
my “co-PI”. Without your warm support for all these years, | would nbage
been able to get through. You kept the laser running; you communicated with
other research groups to help me get the samples; you spent innumerable office
hours to discuss with me for these five years; you read and revised the papers f
me. Thank you!
There are many other people that | need to acknowledge here. Dr. Haiyu Wang
taught me how to do laser experiments hand-by-hand; Dr. Yueyong Xin and Prof.
Blankenship provided me the samples for one of my work; Carole used to
organize everything in the lab, and she also read and revised my papers for so
many times; Thanks to Dr. Jie Pan and Christa for teaching me thersiteedi
mutagenesis technique; Thanks to Prof. Banu Ozkan and Prof. Dmitry
Matryushov for helpful discussions in the reaction center project during sty fir
few years, it is regretful that | was not able to keep a good balancedretw

iv



experiment and theory to make more achievements; and thanks to all Woodbury
lab members, Wei, Risa, and Dr. Fu Jinglin, for their support.
Lastly, my family has always been my ultimate driving force to fightiigr

future. | know they will always be there no matter if | am a winner or a.lose



TABLE OF CONTENTS

Page
LIST OF TABLES. ... .ot ammmmr e IX
LIST OF FIGURES ... ..ot s e e e e e e e e e e e aaa st smmmmme s e e X
PREFACE. ... oottt e e e e et e et smmmmme e e e eeannees XVi
CHAPTER
1 INTRODOCTION AND BACKGROUND INFORMATION
Light absorbing pigments in bacterial reaction center................ 1
The photosynthetic reaction Center ...........ceceocvieeeeeeniiiieennnn. 3
Site-directed mutagenesis in the reaction centeriprate........... 21

Basics about laser SpectroSCOPY .............ceemmseevveeeeeessniiineeens. 28
Interpreting the experiment spectrum to understand photostrg
BVEINES ...ttt ettt rmmmene e e e e e e e n e e e eeeeeens DD
Electron transfer, Marcus theory, and reaction difiusmodel ..... 62
Some molecular modeling techniques for studying the iprote

dynamics in reaction center Protein .............ccoemeeeeeeesessieveeenss 12

2 COMPARING THE TEMPERATURE DEPENDENCE OF
PHOTOSYNTHETIC ELECTRON TRANSFER IN
CHLOROFLEXUS AURANTIACUS AND RHODOBACTER
SPHAEROIDES RACTION CENTERS

ADSIIACT ...t 87.

Tal o]0 []e110) o U UET TR TT 88

Vi



CHAPTER

Page
Materials and Methods ............cceviiiiiiccrcee e 94
RESUIES ... e 96
DISCUSSION ...ttt e e 107
Supporting INformMation............ceooeiiii e 115

3 ELECTRON TRANSFER PATHWAY MODULATED BY
PROTEIN DIELECTRIC RELAXATION

INEFOAUCTION ...t 118
Materials and Methods ............ccooviiiiicrmmee e 121
Results and DISCUSSION ........ccoiviiiiiiimmmeemee e 123
Supplemental Data..........cccceeeveviiiiecceeeee e 142

4 UTILIZING THE DYNAMIC STARK EFFECT AS A PROBE FR

THE REACTION CENTER DIELECTRIC RELAXATION

DURING CHARGE SEPARATION

Y 013 = T SRR PPUPPRRPY” o2 |

INTOAUCTION ..o 144
Materials and Methods ............eeeeiiiiiiicee e 147
Results and DISCUSSION .........cooiuvviiiiimeeeieeee e sieeeee e 154
CONCIUSION ..o 165
Supplemental Data...........cccoiiiiiiii e 167

vii



CHAPTER Page
5 PRELIMNARY WORK ON TRANSIENT CD SPECTROSCOPY
AND CONCLUDING REMARKS

Transient CD spectroscopy, a potentially useful appraaeklore

the protein dielectric relaxation ............ccccceeviiiieie i 168
Concluding reMaArkS.........cooeiiiiiiiiiii e 185
REFERENGCES ... ettt meeeme e 191
APPENDIX
A ATOMIC CHARGE OF THE SPECIAL DIMER ......ccccc.c....... 206
B  DEFINITION OF RMSD.....cooiiiiiiiiiiiii e 220
BIOGRAPHICAL SKETCH ...t ettt 222

viii



Table

1-1.

1-2.

2-1.

3-2.

3-3.

3-4.

LIST OF TABLES
Page
Simulation parameters for performing the o dynamics

simulations during the equilibrium stage .........cccccooeiiininnen. 76

Self-Diffusion constant, Bf/ s ], calculated from MD simulations
for LDAO detergent micelle..........ocoooiiiieemecececiiiieee e 78
Amino acid compositions from various reaction centaistics
assembled by ProtParam module from EXPASYy proteseiver.. 110
Decay lifetimes of the P* stimulated emission at 880as well as the P
ground state bleaching at 840 NM............uvvviiiiiiiieeeeeeees 126
Time constants and associated relative amplituddsedist and slow
component of WHa kinetic decay, obtained from global analysis in the
500~700 nm region using a sum-of exponential fitting............... 129
Time constants and their relative amplitudes yilolg performing
multiple-exponential fits on the kinetics decays...............ccevvvvnnne 137
Calculated pKa values for the M210 site tyrosine sluin in wild type

reaction center and aspartic acid side chain iM2&80YD mutant..138



Figure

1-1.

1-2.

1-3.

1-5.

1-6.

1-7.

1-8.

1-9.

1-10.

1-11.

1-12.

LIST OF FIGURES

Page
Molecular structures for Chlorophydl- Bacteiochlorophylk, and
BacteriopheophyLii............uuvuiiiiiiiiiiiiiiiieeee e 1
The reaction center structure in a lipid bilayer................cccccvvinnnee. 6
The special dimelP structure in the wild typ&b. sphaeroides reaction
(07T 0] (T (PP PTPPPPPI 1{.
Structure of the bacteriochlorophyll monomegsa®d B in theRb.
sphaeroides wild type reaction Center..........uuuvvieieieeeeeieeeeeeeieininns 10
Structure of the bacteriopheophyting &d H in theRb. sphaeroides
wild type reaction CENLEL..........cccceiiiiiiiiieie e em e 11
Labeling of each helical segment in the reactioriergorotein......... 13
A structural model for major chromophores and theaaht residues in
the Rb. sphaeroides reaction Center...........evvvvviiieeeiieiiiiiiiecees 16
The energy level scheme for the electron transtdvpay that generally

occurs in the wild typ&b. sphaeroides reaction center after light

(23 (o1 - (o] o PSRRI 19
A flowchart for performing reaction center mutagenesis............. 22
Sketch representing the digestion process of theGdRict........... 25

Schematic graph depicting the molecular orbitaB®©Hl-a and the

realistic molecular transitions.............cccccviiiiiiiiieiiei e, 30
The orientation of different transition dipoles frahof the cofactors in
Rb. sphaeroides reaction Center...........cooveeeiiiiiiiiiiiiice e 31

X



Figure

1-13.

1-14.

1-15.

1-16.

1-17.

1-18.

1-19.

1-20.

1-21.

1-22.

1-23.

Page
A general diagram demonstrating the concepts of flaeres excitation
and eMISSION SPECIIA-.......ceeeii ittt e e 37
Ground state absorption spectrum of wild tigibe sphaeroides reaction
center in the 280 nm to 920 nm wavelength regian...................... 44
Difference absorption spectra recorded for the tyie Rb. sphaeroides
reaction center in Qx and Qy spectral bands...............c.ooeiiiies 45
Time-resolved spectra of the wild type reactionteeim 500-700 nm
and 680-960 Nm spectral regionsS...........ccccuuvuvrrmrmrereeeeeeeeaeeeeemnes 47
Overlay of discrete sampling of two function forms)(&nd g(t)-..... 49
A kinetic curve measured in photolysis experimétied with single
EXPONENTIAL. ...ceiieiiieii e 51
DAS from a global analysis and EADS from a sequeatialysis in the

500-750 nm spectral region covering a 0-6.5 ns deétay laght

excitation on th&b. sphaeroidesreaction center............cccccvvvvvvvnnnn. 60
Normalized population evolution kinetics of eachiestolved in the
sequential model analysis............ooooiiiiiiiiiiiii e 62
Free energy parabolas and the associated paranmetéascus theory..

64
The Marcus inverted regiQn.............ooooeeeiiiieiieiiiieie e 67
Normalized probability distribution of the C1-C12tdisce in LDAO

(0 1To1=] | (ST 80

Xi



Figure

1-24.

1-25.

1-26.

1-27.

1-28.

2-1.

2-2.

2-3.

2-4.

Page

Normalized probability distribution of the C1-C12emtation relative to
tNE Z-8XIS ..ttt a e 80
Equilibrated structure in MD simulation................cooooeiiiiiiiiiiiennen. 81

The structural difference between the simulatagtsires and the initial

structures (crystal structure or optimized mutatedctures) in the wild

type reaction center and M210 mMutantS........cceevveeeeeeernnniriiniinnees 38
The 3-D electrostatic potential profile of the growtate wild type
reaction center obtained from molecular dynamicsiition............ 84
Various conformers and protonation states of Asp Rlchain
sampled by Monte Carlo approach in MCCE program................. 85
Cofactor arrangement in two bacterial reaction gente.................... 91

Room temperature tryptophan absorption changei&metobed at 280

Temperature dependence of the P* decay kineti€$. imurantiacus
reaction center over the first 40 ps, probed atr880...................... 101
Decay lifetimes and relative amplitudes of P* dekiagtics as a function

Of tEMPEIALUNE ...t 102

2-5. Two-component stretched-exponential fit performedh® 350 ps P*

2-6.

decay kinetics traces @ff. aurantiacusreaction centers measured at all
TEMPEIATUMNES. ... e 106
A fit of the P* decay irCf. aurantiacus reaction centers monitored at 930

nm using the reaction diffusion model.............ccccooiiiiin. 113

Xii



Figure Page
2-S1. Transient absorption spectra of-Qontaining and @depleted reaction
centers, fronCl.aurantiaCuS..........eeeeeeveiieeeeeiie e 115
2-S2. Kinetics of stimulated emission from P* at 930 nneasured at room
temperature (294 K).......oooiiiiiiiiiieiie e 116
2-S3. Absorption change kinetics of bacteriopheophytip, B0 nm) and its
anion state (I, 660 NM).......oooiriiiiiiiiie e 117
3-1. (a)Time-resolved spectra of the wild type RC in 680~860spectral
regions at 1 ps (P*), 10 ps#fa-), 3 ns and 6 ns (Ra-) after laser
excitation at 860 nm (b,c,d) P* stimulated emissimretics observed at
930 nm and charge recombination kinetics obsert/88%840 nm in
wild type, M210YA, and M210YD reaction centers..................... 125
3-2. EADS from a global analysis using a sequential modilero80-1040
nm region upon 860 nm excitation of the wild type 8#10YD
FEACLION CENLEIS. ...ttt e e e 132
3-3. (a) Energetics scheme for primary charge separatidrihe charge
recombination pathway; (b) Possible structural pectf the dielectric
environment change due to fast hydrogen bonding dynamics... 140
3-S1. Superimposed ground state absorption spectra oty (pH=8.0,
9.5) and M210YD (pH=8.0, 9.5).....uuttriiiiiiiiiieee e e 142
3-S2. The ground state bleaching recovery kinetics of P flat type reaction
center and its M210YD mutant in thein@ontaining or @-depleted

state, measured in two different pH conditions éh@ 9.5)............ 143

Xiii



Figure

4-1.

4-2.

4-3.

4-4,

4-5.

4-7.

4-S1.

5-1.

5-2.

An illustration of the Stark effect in molecules............ccccciin. 147
lllustration of reconstructing a band-shifted absohbsorption spectrum
151
B, and B band shift kinetics for wild type reaction cented &210
IMUEANTS. ...t e e e e e nnnaaas 154
Comparing the time dependent Btark shift with the electron transfer
KINETICS. ..ttt eememr e e e e e e e e e e e e e e e e 155
The Stark shift of two electronic state$HR and PQ,™, in wild type
reaction center and M210 MULANLS........ceveerieriieeeeeaneneeeeens 159
Comparing the derivative kinetics of Btark shift and kinetics
associated with B, absorption change in wild type reaction center and
M210 MUEANTS......cooiiiiiiiiieee e e 162
The time dependent evolution of dynamic dielectnigrasetry after
charge separation in wild type reaction centedotinog Q.-depleted
reaction center) and M210 MULANES..........eueveeiiiiinnreeeeeeeeeeeeeines 163
The time resolved spectra in the 680-970 nm speaeigadn for three
reaction center samples{Qontaining wild type RC, Qdepleted wild

type RC, and AM260W mutant RC) during the early timalion

A broadband transient dichroism spectroscopy setapted from a
PUMP-ProDE SEIUD. ..ot ittt e 171

Probe light electric vector polarization changehia ¢llipsometer.... 172

Xiv



Figure Page
5-3. Transmission light intensity as a function of the pgeétion angle of the
SCANNING POIANIZEL.....cci it eme e 174
5-4. The ground state CD spectrum measured over8®af8 wavelength
region using the pump-probe setup ..........oooceeeeeeeee e, 176
5-5. The ground state absorption spectra and CD speeiaured in 500-950
nm wavelength region for tHgb. sphaeroides reaction center R-26
strain (by Reed et @l).......eeeieiiiiiiiieieee e 177
5-6. Time resolved CD spectral change in wild type reactenter and its
M210YF mutant measured in 740-850 nm wavelengtioneg....... 180
5-7. Spectral line assignment in ground state absorptieatsim and CD
spectrum from figure 5-5.........uuiiiiiii s 182

5-8. Early time difference CD spectrum measured at §.&ngl 1.45 ps.. 184

XV



PREFACE

Photosynthesis is a research field with a long history. Quantitative
mechanistic research dates back to the 1930s. After all these yeatspdearst,
it has grown and diverged into many sub branches. Many scientists have joint
forces in this research; at the very beginning it was biologists, thensteemd
physicists. This field has proven to be very productive, on both the science side
and the engineering side. On the science part, and more specificéty, i
contribution of physics, electron transfer and energy transfer assoeidited
photosynthesis are clearly very important. At least two Nobel prizesractigi
associated with photosynthetic electron transfer. In part, the significadae to
interface with electron transfer and because this reaction occurs in condensed
phase, which are both very active fields. When the laser technology advanced into
the femtosecond era, more bottom level information of the reactions was deveale
The application of this to the bacterial reaction center as a model system,
promised to benefit the understanding of a large class of phenomena and give
birth to new concepts and potential applications.

This thesis is a summary of the author’s PhD work, focusing on the
photosynthetic electron transfer process in the bacterial reaction edtiter,
particular emphasis on the coupling of electron transfer to the dynamimprote
environment. The experimental tools that are used to study this problem are
basically spectroscopic techniques, assisted by some rudimentary compute

simulation and modeling. The organization of this thesis is as follows:

XVi



In Chapter 1, basic knowledge and concepts of the structure and function
of the bacterial reaction center and its chromophores are presented fgss Thi
followed by a short survey on the principle of the spectroscopic techniqus that i
used in the next chapters. Using the reaction center as an example, a concise
description is given on the interpretation of photochemistry events using transient
absorption spectroscopic data. Also as a technological review, some of the
molecular modeling techniques associated with the reaction center system
modeling is covered.

In Chapter 2, a temperature dependent study of the primary electron
transfer after light excitation in a thermophilic bacterial reactener from
Chloroflexus aurantiacus, is presented. By comparing reaction centers of
Chloroflexus aurantiacus with its mesophilic homolodzrhodobacter sphaeroides
(a well-studied bacterial strain in past decades), the possibility thetitfaee
charges and the solvent effects could actually influence the electroretransf
particularly on longer time scale, is discussed.

In Chapter 3, the concept that protein dielectric relaxation is coupled to
electron transfer pathways has been tested by placing an ionizable group inside
the protein. The site-directed mutagenesis potentially perturbs the delectr
response of the protein by localizing a charge in that site.

In Chapter 4, an analysis protocol is developed to achieve some
information about the time dependent internal field change elicited by charge
separation in the reaction center. The variation of internal field may previtie
information on the protein dielectric relaxation during the electron transfer.

XVii



In Chapter 5, preliminary trials on applying transient circular dichroism
spectroscopy to the study of electron transfer in reaction centers have been
described. In the end, a summary of the Marcus electron transfer theory in the
reaction center protein is presented.

It is hopeful the work come out from this thesis provides some insight into
the design of an artificial electron transfer system. The mimic of matura
photosynthesis focuses on optimizing the energetic parameters of driving force
and electronic coupling, but not reorganization energy. The reorganization energy
is considerable influenced by the electrostatic interactions on the @eptifitlein

structure, which possibly provides a new perspective to this topic.
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CHAPTER 1

Introduction and background informat

1 Light absorbing pigments in bacterial reaction cenérs
Chlorophylls have long been recognized as the glyatbetic pigment
that play a crucial role in the energy productiémigher plants. Their structure

very similiar to that of the porphyrins and thearidatives.

H
(b) Il i)

Figure 1: Molecular structur for (a) Chlorophylla, (b) Bacteiochlorophy-a,
and (c) Eacteriopheophyt-a; The arrows indicate two orthogonal molect
axes, x (green) and y (red). The red broken citaigslight where functione
groups attached to the macrocycle ring to formrophyll derivatives.
Chlorophyll-a structure includes a cu-like macrocycle ring, about 10 angstro
in length on each side (Figure 1a). While the pgnphstructure features an ir
atom in the center of its macrocycle ring, chlorgphas a magnesiu atom in
the center, surrounded by four nitrogen atoms. Taalecular axesx andy,
define the geometry of a chlorophyll molecule’s noagcle ring. The axes a
defined by the linear relationship of two sets @fgdnal nitrogen atoms relati
to the magesium atom at the center. A long saturated hydbocatail, referrec
to as the phytyl tail, is attached the macrocycle ring. The phytyl tail can ha

multiple degrees of freedom as a result of rotatiesociated with its single bo

1



attachment to the macrocycle ring. In different types ofdrad photosynthetic
reaction center crystal structures, as well as in the light-hargestction centers
of higher plants, the chlorophydl-and its derivatives can take different forms
based on the bending its phytyl tdil The phytyl tail is beneficial to the assembly
of the porphyrin ring within the photosynthetic proteins, which act a$adding

for the porphyrin plane on the geometry I8vahd exert certain function in
electron transfér Chlorophylls are the major light-absorbing pigments in higher
plants, while in bacterial photosynthetic reaction centers, the Afpsorbing
pigments are called bacteriochlorophylls (BChl). BacteriochlordqahyFigure
1b) is structurally different from chlorophyfi-because it has an acetyl group at
the C-3 position in the macrocycle ring and a single bond betwe&hThend C-

8 positions, as opposed to the C7/C-8 double bond found in chlor@phiie
chlorophylla has the lowest transition in its absorption spectrum at around 660
nm, whereas in bacteriochlorophyll this is shifted by 100 nm toetlg660—
760 nm) as a result of those structural differences. Another lighbriaing
pigment in the bacterial reaction center is the bacteriopheop(Bpime), figure
1c, which has two protons connected to the nitrogen atoms along the thatx
take the place of the central magnesium ion found in chlorophyll. Addity,
carotenoids are also important light absorbing pigments in #otiga center and
light harvesting antenna complex, but they will only be briefly meed in this
paper since they are not cofactors that are directly associgith electron

transfer.



2 The photosynthetic reaction center

The photosynthetic reaction center (RC), found in both higher plants and
bacteria, is a unique photovoltaic device because it acts agthiegspoint for
light energy to chemical energy conversion reaction, which isngally the
foundation for all organic matter. The reaction center is higlpiynozed for
guantum efficiency in charge separation. This has been demoadstrates wild
type reaction center which produces nearly unit one quantund,yédfdough the
mechanism behind this high quantum yield is not completely understood,
particularly in terms of its robustness.
Reaction centers in bacteria are surrounded by a ring of antemmex, called
LH1. The accessory anttenna complex known as LH2 does not contaiorreact
center protein and is located nearby the LH1 complex. These ywaradus
consititute an integral membrane antenna complex in the memlwfhbasterial
cells. In contrast, the reaction centers in higher plants and algamlzedded in a
super complex known as Photosystem 1 (PSI+LHCI) or Photosystem 2 (
PSII+LHCII), which also include many other photosynthetic proteamsl
subunits. The first reaction center complex was isolated in theephgaiterium
Rhodobacter (Rb.) sphaeroides by Reed and Clayton in 1968. The D1-D2-
cytochrome b-559 reaction center complex in PSII from spinach was subsequently
isolated with succeSsbut there is currently no reliable report on isolating

individual reaction center of PSI. The PSII reaction center hesgae capability
of oxidizing H,O to O, as a result of the strong oxidizing capability of the

chlorophyll-pair radical P680 Compared with higher plants, the reaction center

3



in bacteria is often used as a typical model for studyingetbetron transfer
mechanism between chromophores because of its structural siynBiacterial
reaction centers normally incorporate no more than three subuthts electron
donor cytochrome is excluded. In addition to the primary sequencesrubtire
of the reaction center can vary among species. For examb, gphaeroides,
which is a purple non-sulfur bacterium, the reaction center has $himenits
(see figure 2), but inChloroflexus (Cf.) aurantiacus, a green non-sulfur
bacterium, the reaction center has only two subtfn{see Chapter 2). The
following section will discuss structural arrangements of tlaetren center and

the electron transfer flow between reaction center cofactors.

2.1 Cofactors

The bacterial reaction center includes a variety of cofactbhe basic
composition of the cofactors is very similar between spebigissome of the
cofactors might differ in their substitution groups. Take the punge;sulfurRb.
sphaeroides reaction center 2.4.1 strain (the wild type) for example, it Xas
cofactors in its structure in total: four bacteriochloroplayl(Bchl-as), two

bacteriopheophytim (Bpheas), two ubiquinones (ubiquinone-10), one non-heme

iron (Fe*"), and a carotenoid (spheroidene). Crystallography work shows that
other external, small molecules can bind to the reaction cpraggin and thus
appear in the crystal structure. The most common binding moleculeatergent
molecule, the Laudryl Dimethylamine-N-Oxide (LDAO), used to mithe lipid

environment in protecting the isolated reaction center protein. Sdreelgfands



that occasionally appear in the crystal structures are caidig¢CDL), glycerol,
and phosphate ions (.

There are several methods of classification for the 10 reactoterc
cofactors. In this thesis, the cofactors are classified ditgprto their spatial
location in the cell membrane, from the periplasmic side to ytaplasmic side
(Figure 2). This method offers a most straightforward classifin of cofactors
and it also roughly fit in electron transfer events occur ormifft cofactors in a
chronicle order. As discussed in the next section, one special @nestacof the
reaction center protein is its pseudo-C2 symmetry. The insertitimeafeaction

center protein in membranes is nearly “upright” , that is, treefodd symmetry

axis is parallel to the normal axis of the membrane(wigfit*. This two-fold

symmetry axis can be approximately drawn out by connectingsyhenetric

Bchl-a dimer with the non-heme irorF¢*").



e ——

Cytopiasmic membrane Side

Figure 2: The reaction center structure in cart@mresentation. The upwa
arrow indicates the periplasmic membrane sideddvenward arrow represer
the cytoplasmic membrane side. This figure is shgwheRb. sphaeroides
reaction center structurancluding 3 subuns: L, M and H. The L subunits (gol
and the M subunits (navy blue) are contained withelipid bilayer membran:
H subunit is on the cytoplasmic membarne side (plrfphe reaction cent:
exhibits C2 symmetry, represented by tlack dash line. The cofactors appea
stick representation. The charge separation begitie Echl-a dimer anc
proceeds towards the cytoplasmic membrane sideétedl by orange and yellc
arrow).

The cofactors that are closest to the periplaside are two symmetric chl-a

molecules in a pair, known as the special diP (Figure 3).



Figure 3: The special dimP structure in the wild typBb. sphaeroides reaction
center (PDB id: 2J8C). The top image shows the-a molecules from a fro
view and the bottom image represents a top viewn(fthe periplasmic membra
side).

The porphyrin planes from two B-a molecules are parallel (the angle betw
porphyrin rings normal axes is abc8°), separated by 3.8. The two Bcr-a

moleculeghat from two branches and have different functionslectron transfe

are labelled as A and B. In native reaction centdrs electron transfer occt



through the A branch with a 97% yield from spectroscopic measureméfts a
fact that is quite surprising because it is contrary to quasistric structure
observations. The stacked porphyrin planes likely form into a strongz
interaction, which is often seen in charge transfer systems g
polarizability*®*8 Indeed, this is the starting point of charge separatiocsoiated
reaction centers. The special dimer has the longest absorptiorengtbhe(865
nm for Rb. sphaeroides, 960 nm forRps. viridis) among all of the photoactive
cofactors and is the most easily excited. Theoretical caélongaperformed by
Warshel et al. show that the degenerated orbitals from two-&Bamblecules
cause the energy levels to split, and move one of them to the logyesige® %

As a result, the excited state P* has a strong charge tratafe capability; the

charge density of P*/P is delocalized on two Bcld- molecules. These
observations were confirmed by Electron Paramagnetic Resongoeengents,
where the P lineshape is 1.4 times narrower than that of the Bcbétion
radicaf™.

Moving along the normal membrane axis to the cytoplasmic side, tw
Bchl-a monomers flank the special dimer along both branches. Theseaygcess

bacteriochlorophylls, or bacteriochlorophyll monomers, are represdmytetie

symbols B, and B;. The absorption wavelength for the lowest excited state of B

A and B; are both close to 800 nm (790 nm fog 8nd 810 nm for B). The

bacteriochlorophyll monomers situated between the special dimeér tlae

bacteriopheophytin and the location make it a bridge for the chamgefdr



between the special dimer and the bacteriopheophytin. The ibakterophyll
monomers are mirror images of each other along the C2-axisaieoft-11 A in
distance and 60-70 degree in porphyrin orientation angle, on both siébs in

sphaeroides reaction center). Many debates in the past 20 years focusttk on

role of B, in primary electron transfer (electron transferred from thecisl

dimer P to bacteriopheophytird,), about whether it is a real physical

intermediate electron carrier or just functions in a superegghamanner 2>
Early experiment facts that support the latter conclusion are largetgditoy low
time resolution as well as poor signal-to-noise ratio of eaggctroscopy

techniques. Opinions have started to converge since Zinth and his coworkers

showed that, at least in the wild type reaction cent®, aabsorption band near
the 1020 nm infrared wavelength region could be identified and decdysawit
very short life time (0.9 ps), which strongly supports an intermedceégctron
acceptor viewpoifit' %> It is natural to imagine that maybe the reverse reaction
also relies onB, to return the electron back to P, and some preliminary evidence
suggests that this could be #1&”". This possibility is further explored in Chapter

3. The function of bacteriochlorophyll on the other branBR)(is much less

known as discussed in the following section on the electron traragfengy. It is
speculated that it possibly performs the role of triplet satergy transfer

intermediate between P and the carotefioid



Figure 4: Structure of the bacteriochlorophyll monontgygright) andB; (left)

in theRb. sphaeroides wild type reaction center (PDB id: 2J8C). The top images
represent the view from the front; and the bottom images represent a top view
(from the periplasmic membrane side).

The bacteriopheophytiil, , by moving even more to the cytoplasmic side in the
reaction center, is the next electron acceptor followgin primary electron
transfer (equivalent on the M branchHg). The lowest excitation energy level of
the bacteriopheophytin is higher than that of bacteriochlorophyllhire& 40-

760 nm in the reaction center protein. Following the primary eleatansfer,H,

donates the electron @, in the following step in ~200 ps (wild tygd) The

guinone is considered as the final electron acceptor in the reaetiter protein.

According to symmetry, there are also two quinones in two brancra the

distance betwee), and Q, is about 18.5 A. Because of the asymmetry of the
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electron transfer pathway in the reaction center, the quinone onlitengh Q)
receives the electron from the bacteriopheophytig) (in the first place, and then

passes it on to the B branch quino®g X in 100us at a pH of 7.5 *° Most
early reaction center research focused on the redox chemistyirmné
finding that one quinone can accept up to two electrons. It was also fatritde

protonation state of quinone affects its redox potefitial

-.--'I_,I .':'r‘r .
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Figure 5: Structure of the bacteriopheophykiRgqright) andH; (left) in theRb.

sphaeroides wild type reaction center (PDB id: 2J8C). The top images represent
the view from the front; and the bottom images represent a top view (from the
periplasmic membrane side).

The non-heme iron locates between, on the cytoplasmic side of thbrare, is
located betwee®, andQ, . It is closer toQ,, at 8.0 A, and further away frofQ,

, at 11.0 A. Mossbauer spectrosctpextended x-ray fine structure absorptfon
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3 and EPR experimerifs*® indicate that it is a high spiffe?. Surprisingly,
even though the nonheme iron atom is geometrically in the middle of two

qguinones, it does not appear to play an important role in the elecamsfer
between them. Upofe®* removal,Q, — Q, electron transfer is barely harmed
31 Other divalent metal ions (e.g. Zn, Ni, Co, Mn, Cu) have been used togepla
Fe’* to test their affect o, — Q electron transfer, but none appear to have a

distinguishable effett. This suggests that the formal charge on the metal ion
rather than the detailed electronic structure of the ion is imupiofor the reaction
center function.

The last reaction center cofactor to discuss is the carotenoidte@aids are
important in photosynthesis because they are more than light ogppigiments;
they are the main cofactors that function to quench the triget ahd perform
photoprotectioff. There are many types of carotenoids in nature, with differing
lengths and terminal groups. The common structural feature @ratienoids is a
conjugate bonding system with an alternative single-double bond order. In
reaction center protein, it takes ttie form in its center, and is inserted between
B and C helices of the M branch, nddy. Thecis conformation facilitates the
carotenoid to form its triplet stéfe In wild type Rb. sphaeroides reaction center,
the carotenoid is spheroidene, which has its main absorption at 440-52CHmam i
visible region. In a so-called R-26 mutant strain, the carotenatbgent in the
reaction center and replaced by a lipid molecule in its bindieg(sr a LDAO

molecule if the reaction center is isolat&d)

12



2.2 Protein subunits

In the purple bacteriurRb. sphaeroides (will be discussed throughout this
chapter, otherwise particularly mentioned), there are three protein subuhits wi
the reaction center protein complex. These include two symmetric transmembra
subunits, L and M, and one subunit that does not belong to the transmembrane
region, H. The L and M subunits have five membrane-spanning helices each. On
the periplasmic side, the L and M subunits have three helical segments that
connect a series of helices A and B, C and D, and the multi-part helix following

helix E-- labeled ab, cd and e respectively (see figure 6).

{

Figure 6: Labeling of each helical segment in the reaction center proben
subunit is shown in orange color, the M subunit in blue, and the H subunit is
shown in green. The figure is reproduced from Allen ét al.

13



On the cytoplasmic side, there is one helix in the L subunit and two helices in the
M subunit. The H subunit has only one transmembrane helix; its other structural

regions behave more like a globular protein, composegl-eheets, shord -

helices and numerous random coils. The LM complex is capable of performing
the charge separation between the special dimer (P) and the primary d@inone
without the presence of the H subunit. Removing the H subunit only changes the

property of the quinones, for example, slowing down@e—> Q, electron
transfer by a factor of £810°*°. The impairedQ, — Q, electron transfer can

possibly be explained with a lower binding affinity@f in the loosened

structure after quinone removal. The extensive contacts of the H subunit with the
LM complex probably stabilize the reaction center structure.

Generally, the hydrophilic and hydrophobic amino acid distribution in the

reaction center is closely associated with its function as a membraeim prot

There are no charged residues in the middle of the protein. All the charged amino
acids are on the periplasmic or the cytoplasmic side of the membra&ie. In
sphaeroides cells, the special dimer P is reduced by a water-soluble cytochrome
c2. The reaction center has one cytochrafbinding site on the periplasmic

side of the membrane, shared by both the L and M subunits. The binding domain
on the reaction center contains negatively charged carboxylate group®that a
believed to interact electrostatically, with lysine residues surroundirfigtne

crevice of the cytochrome2.
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2.3 Protein-cofactor interactions

The reaction center protein-cofactor interactions impact nearbry
aspect of the cofactor photochemistry and redox chemistry. An apges@mple
is the ground-to-excited state transition in the ground state @ilmsospectrum,
the coordination of histidine amino acids moves the absorption spectrtime of
Bchl-a and Bphea molecules to the red by 30-50 nm. Regarding the structure of

the special dimer P, near the central magnesium atoms stidin@s M202

(assigned td?,) and L173 (assigned tg ). Crystal structure reveals that the His

L173 is too far (4.0A) to coordinate directly with the magnesium atomPp)

and but possibly forms a hydrogen bond with His L16&gs viridis, hydrogen
bonds are formed between the acetyl groups of the special dimeriahd 68
and Tyr M195. It is worth noting that His L168 is well conserved inrdaetion
center between a multitude of species. The Tyr M19pm viridis corresponds
to Phe M197 irRb. sphaeroides, which loses the hydrogen bonding capability. It
is reported that, ifb. sphaeroides, the only hydrogen bond involving the dimer

and the reaction center protein subunit is between the ring IV gdrbbnhe
propionic acid group of P and His L168. Most charged amino acids are at least
10 A away from the porphyrin rings of the dimer, with the exceptiom\rof

L135, which is 8.0A away. The bacteriochlorophyll momomers,(BB;) in the

Rb. sphaeroides also coordinates to the His imidazole rings. Previous research

shows that the magnesium atom ligation is asymmetric foiwtbéranches. His
M182 coordinates with the magnesium atonmBpf but His L153 is more distant
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for its coordination tdB,. The hydrogen bond between Ser L178 and the cgil

group of ring IV of B; is the only one between the protein subunits am
bacteriochlorophyll monomers. The Bfa molecules do not have tl
magnesium centers, and therefore no coordinatidgh thie amino acids exist
One ionizable amino acid that is very close to ohine bacteriopheophytins, a,
is Glu L104. Glu L104 is more likely protonated daiorms one hydrogen bol
with the keto carbonyl of ring V oHASO. This residue is conserved in pury

bacteria, but is replaced by other amino acidsomes green bacteria, like Cf.

aurantiacus. The presence of this residue cat

Figure 7: A structural model for major chromophoaesl the adjacent residues
the Rb. sphaeroides reactior center. Four Bchls (green), two Bphes (pink),

two quinones (cyan) are shown in a transparentiodel, while the iron cofactc
is represented by a sphere in purple. The C2 symgnaeds is indicated as
vertical dashedine. L branch is on its right hand side, and Misthe other side
The amino acids that have important prc-cofactor interactions with tF
chromophores (mentioned in the text) are highligateand labelle
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the ground state absorption spectrum of the reaction center to $pitelnetwo
branches, at 532 nm on B branch and 545 nm on A branch (the differenceis mor
apparent at low temperatures). The carotenoid, sphaeroidene, idy most
surrounded by residues with aromatic side chains, which applies dteng
constraints upon the carotenoid conformation. No charged residues were found
within 10 A from the spheroidene. Two carbonyl oxygensQ@f are within

hydrogen bonding distance from the peptide nitrogen of Ala M260 anddée si

chain of Thr M222, respectively. Several aromatic residuesatieahearQ, are
conserved between species (e.g. Phe M251 and Thr M252). Thr M252 Brigdges
andQ,; no ionizable residues other than the histidines ligate®kto are located

within 8 A of the quinone ring. The one-electron semiquinone sp&kiesnd Qg
are protonated by interacting with amino acid residues that pKweevalues

perturbed by electrostatic interactions, thus resulting in the \@asgoroton

uptake. WhenQ, is doubly reduced(@  accepts two protons an@ H, is

replaced by an unprotonated, neutral exogenous quir@pe> @, electron
transfer in bacterial reaction centers can be blocked by fdbisuch as 1,10-
phenanthroline. The blocking mechanism is believed to be a competitibn wi

guinone for the binding site.

2.4 Electron transfer pathway in the reaction center
In vivo, the reaction center accepts the energy transferred from the

surrounding antenna and utilizes it to perform charge separationefdrgy
17



acceptor is the special dimer B vitro, to simulate such an initial event, the
dimer P of the isolated reaction center is directly excitéaguactinic light. The
ideal excitation wavelength is usually around 860 nm (the absonptiak of P)
or slightly move to the red. This largely thanks to the progrekssef technology
during the past two decades. Previously, limitations of theagimit wavelength
selection (for example, only 600 nm or 537 nm available) would cause
undesirable side effects like simultaneously exciting multiggéat labsorbing
cofactors. Figure 14 provides a ground state absorption spectrum flortype
Rb. sphaeroides reaction center strain 2.4.1. The main spectral contribution from
each cofactor has been assigned in the visible and IR regionginkxmeand
theoretical calculations, however, show that the 780-820 nm spesgrah could
have the contributions from more than one cofactor, which makesvérya
complex spectral range to analyze. When P is excited by 860ighty the
sequential forward electron transfer events occur in the followidgrdfor an
energetic/kinetic scheme, see Figure 8):

P >(By) > H, > Q - Q (1)
This electron transfer flow is true for wild type, and a ssstul design of
sequential electron transfer should act accordingly. A bad desigh, asic
artificially introducing certain mutations somewhere inside rémection center,
could possibly decrease the net yield of the final charge sepapatidact as a
result of compromising to other pathways, including fluorescence ancaease

in the reversed recombination process to the ground state (see also Figure 8).
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Figure 8:The energy level scheme for the electron transdémpay that generall
occurs in the wild typ&b. sphaeroides reaction center after light excitatit

occurs in the special dimer (F3(P*H,§) and®P” represent the tripleharge

separated stat® "H, , and its charge recombined product, triplet excstide of

P, respectively. The solid arrows show the forwalesttron transfer process,
the broken arrows show branched electron procekathave bee observec
(black) and reversed charge recombination stepsthéd potentially occu
(grey). Red numbers indicate the estimated freeggrgap between two ener
levels, and green numbers represent the life tiomstants that have be
determined for@me of those processt

P" < (B, < H, & Q < Q
y d

= P

Another feature of the electron transfer in the ctiea center is it

unidirectionality—#s exclusive transferrence throuthe A branch-which is
19



perplexing in terms of the symmetry cofactor arrangementeofwto branches. In
the past twenty years, people have been trying to understandhesjeictron
transfer only occurs through the L(A) branch and many attempéstiean made

to experimentally alter the M(B) branch to try to initiateceron transfer through

it. However, it appears that the unidirectionality is robust in \aslugonary
sense, as mutating one or two residues does not perturb the brandling ra
significantly® 1 One single point mutant M182HL does increase the A:B
electron transfer branch ratio from 30:1 to 2:1, yet the B sifreh is stuck in

Bg until it returns to P and there is no indication showing that tletretefurther
transfers to |g°% Other mutants attempted to re-activate the M(B) branch with a
combination of multiple mutation sites; they implement a relatitaedir B branch
yield by impairing the L(A) branch electron transt&r® > It is possible that the
M(B) branch has other important roles in photosynthesis yet unreeagnihis
thesis will provide speculations in the conclusion part based on sontee of t

observations in Chapter 4 about what those other roles could entail.

3 Site-directed mutagenesis in the reaction center protein

In order to create mutants that fulfilled the purpose for thergrpats, a
strain of Rb. sphareoides bacteria was re-engineered in various aspects.
Particularly, for the mutations that were introduced into the L and M branches, the
genes for both branches were removed from the wild type sthanleftover
genes were termed ML.1 . The genes for the L and M branches are located on a

plasmid, pRKSCH-7H, which is was inserted into &leM1.1 strain, after being
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altered to contain the desired mutation, to create the mutantpRKplasmid is
roughly 14kb long, and has a low replication capability in livingscethich
makes it difficult to use for mutagenesis. Thus, a smallenpthUC, was used
for the early stages of the mutagenesis. To perform a rsqation of reaction
centers with high purity and yield, the poly-histidine tag strainclwvig has a
poly-histidine tag added to the C-terminal of reaction centerubMusit was

utilized. The His-tags facilitate recovery of pure reactienters in less than four

hours with a commercially availableNi** resin. Traditional mutagenesis
techniques were used in this experiment to generate mutanbreeetiters. The
theories behind some of the techniques are discussed below and incRgde PC
restriction digestion, electrophoresis, ligation, transformation, BEé&uencing,
conjugation, and column chromatography. The overall work flow of penfigrian
mutagenesis is indicated in Figure 9. Polymerase chain gea@lCR) is a
process by which DNA can be replicated or a point mutation cantteluced
into a plasmid, a circular piece of DNA found in bacteria. A primea single-
stranded piece of DNA which binds, or anneals, to the plasmid tHatamiiain
the desired mutation. The primers contain the DNA sequence fodesieed
mutation, and then a sequence complementary to the plasmid extenig et0
either side of the mutation in order to facilitate annealingh Boforward and a
reverse primer are designed, one being complementary to each wbthiands
of the plasmid. The primers must also be kept from forming maocgndary

structures at the annealing temperature, because it would ptemdimtg to the
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plasmid. In the initial step of PCR, the parental strands of BNAdenatured, or

separated, by exposure to a high temperatugsias .

Mutagenesis
M subunit

_ PCR & Dpnl digest , @
methylated /ﬂutated plasmid

wildtype Digestion

parent plasV

M subunit
L subunit \{.-0-\)/
Spec subunit

; L
resistance
PRK

1

M subunit / Spec
\(*\/ E|ECtrﬂphﬂresis resistance

. & Extraction
L subunit

m

mutated pRK
plasmid for R.
sphaeroides

M subunit

L subunit

Figure 9: A flowchart for performing reaction center mutagenddie chart stops
at a verified mutation sequence of pRK plasmid, the subsequent conjugiaton
is not shown.
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This results in two complementary single-stranded pieceteofparent strand.
The annealing phase follows at a temperatur88€ | binding the primers to the

complementary sequence on the DNA plasmid. In order to avoid nonspecific

binding of the primer to an incorrect location on the plasmid, the angeali

temperature should bd — 10°C lower than the melting temperature of the
primers, which can vary depending on the number of C-G and A-T baserpai
the primer. A thermostable DNA polymerase is used to add base tpaihe

primers using free deoxynucleotide triphosphates (dNTPs) to form dyNéx

For this elongation to occur, the temperature is raisedZ&. When the
extension period has completed, the DNA is heated to become siragided
DNA again and the process is repeated, thus exponentially ingyehsi amount
of DNA over many cycles. Because bacteria methylate pissithat they
reproduce, the parent strand plasmid which is used in PCR is ntethyRCR
itself, however, does not generate methylated DNA; therefesalting PCR
product contains the desired mutated plasmid without methylation sode
double-stranded DNA where one of its two strands has the methyateutated
plasmid DNA. In order to maintain only the mutated plasmid, aictetr
endonuclease called Dpnl is added. This enzyme cuts methylatéd aDi
causes it to be unable to function. Adding Dpnl to a PCR product craates
solution of mutated plasmids. Another use for restriction endonucleasesut
DNA at specific sequences, typically four or six base paitength. Some types

of these enzymes form "sticky ends" of DNA, which contain stvenpaired
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bases, allowing for easy reattachment to an end cut by the esargme. This
process allows pieces of one plasmid to be excised out and introduoed i
another plasmid that was cut by the same enzyme. The pUC Ahliplass
restriction endonuclease sites around the genes of the L subunit wénicht dy
the enzymes Hindilll and Asp718. The pUC HB plasmid has sitamdrthe
genes of the M subunit that can be cut by BamHI and Hindilik. ARK plasmid
also has similar restriction sites surrounding each subunit. Asult,ra set of

subunit genes can be cut from the pUC plasmid and inserted into the pRK plasmid

After Dpnl Digest

X

(Figure 10).

After PCR

OXiOC
BO ©O
00 OO
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Figure 10: Sketch representing the Dpn-I digestion process of the PCR product.
Two parental strands of plasmid DNA are shown as two concentric circles. The
primers are shown as blue dots on the plasmids. The green dots represent the
methylated sites, and the corresponding plasmids are the wild type &snpplad
Dpn-I restriction enzyme cuts and digests the methylated plasmids, leaving only
the re-amplified, mutated plasmids.

Gel Electrophoresis

Before combining the genes, the desired subunit (insert) and thierfract
of the pRK plasmid desired (vector) should be separated outt tbtefong, the
restriction enzymes cut the plasmid at nonspecific sites. dparate, gel
electrophoresis is performed. Gel electrophores, is a method tiseed for large
DNA molecules such as the plasmids in this experiment. Whereemielcurrent
is applied to DNA placed within agarose gel, the negatively cha¥4
migrates to the positive anode through the agarose. The speed atlheéhBNA
migrates is inversely related to its molecular weight. Bamgg the gel with
ethidium bromide, an intercalating agent that is fluorescent uddelight, the
DNA can be visualized. The distance the DNA travels indicates the location of the
desired fragments, which can then be cut and extracted from the gel.

Ligation
Following gel extraction, the DNA fragments with complementaickg

ends (fragments cut by the same restriction endonucleaseg cmtided together
with ligase. T4 DNA ligase is an enzyme which is used torgek$ in DNA after
the complementary overlapping ends have annealed by catalyzing the relpair of t

sugar-phosphate backbone. An ideal 3:1 ratio of inserted DNA to vecsonigla
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must be achieved prior to starting a ligation to ensure that fewntesvéigation
products form. Once ligated, the plasmid is ready to be inserted into bacteria.

Transformation
In order to replicate a plasmid, to select for a particulasnpi@, or to use

bacteria to make plasmid gene products, a vector plasmid mustnsétnaed
into the bacteria. Two methods of transformation can be used--degemdithe
bacteria--either heat shock or electroporation. In order for teadie take up
DNA through heat shock, cells must be competent, or able to takereign
DNA. In this process, the bacterial cells are rapidly heatemlying DNA from

the surroundings to enter the cells. Electroporation works byyskéicking the
cells with an electric current to open pores in the membrane,fadbilétating
negatively charged DNA to move into the cells. Electroporation typitas a
higher transformation efficiency, but requires a low medium salt condition.

Antibiotics
In order to select for the presence of the desired plasmid, the bactesial cell

are plated with antibiotics. The pUC plasmid contains an antibieitstance
gene for ampicillin, and the pRK plasmid contains an antibioticteesie gene
for tetracycline.

Sequencing
In order to verify that the desired mutation is present on the glaBiNA

sequencing must be performed. In this experiment, the sequencimiprengel in
the ASU facility. The sequence result was compared with the typle plasmid

using the BLAST engine at the NCBI site (http://www.ncbi.hlimgav/blast),
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thus ensuring that the target site was mutated and that theee nweother
unwanted mutations.

Conjugation
Once the desired sequence is verified to be present on the p&Kigla

the plasmid is transformed into a special type of E. colid¢&ig7. S17 has the
genetic capability of mating with other bacteria. Since dberjugation process
results in horizontal gene transfer, S17 is henceforth used to theemutated
pRK plasmid intdRhodobacter sphaeroides.

Isolation
The Rb. sphaeroides carrying the mutation are then grown in the dark

anaerobically for about 72 hours. The cells are then broken, and reamttensc
are isolated via column chromatography. The reaction centers havenbitegted

to contain a His-tag, or a chain of 6-7 histidine residues, wsedttin protein
isolation by a Nickel-binding column. Nickel-binding columns use affinity
chromatography in which a portion of the desired protein--in this case thadHis-
-has a strong binding affinity for a substance that is atthtthéhe column in the
stationary phase. When the unpurified protein is added to the column, it binds
closely to the collumn and all of the undesired impurities (moatlfenna
proteins) can be washed away. The purified protein is then eluted awith
compound that has a higher binding affinity for the column than doesdtempr

the compound used was deprotonated imidazole. The elution is then dialyzed in
dialysis membrane overnight to remove excessive salts, detgrgadtimidazole

molecules from the product—the isolated reaction centers.
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4 Basics about laser spectroscopy

According to Google dictionary, the definition for spectroscopythg “
branch of science concerned with the investigation and measuremgrgctfis
produced when matter interacts with or emits electromagnediatian”. Two
basic aspects of the light-matter interaction, absorption andsiemisonstitute
the fundamental means of spectroscopy investigation. The elecilmsugotion is

a special type of absorption, where the “"matter” in the -ifigitter" interaction,
in a classical viewpoint, is specifically restricted to thensition dipole {4 ,)
between a lower energy state (most commonly the ground saatand a higher
energy state (e.g., first excited state) (b) of a moleanl#er investigation. In
other words, the electronic absorption is a mapping of a molealéEgonic
structure. The quantityE e x4, (where E is the field strength applied by the
electromagnetic radiation) becomes an important term within triduesition

probability densityl},,, according to Fermi's golden rule:

. 2
Tpo(7) = (EO <¢b|ﬂ|};/)2a>) pv(Vo)T

= (Eo * hpa)*pu(vo)T/R?
Where,p, (v,) is the phonon density betweemandv + dv,

andv, = (E, —Ep)/h
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Because the electronic structure of a molecule is intimastpciated with its
geometry, so too is the transition dipole. For molecules with regylfametry,

the orientation of the transition dipole is not very difficult to postutzased on
the symmetry of the orbitals that are invovled. Conversely, therlaibg light

frequency of the ground to excited state transition is alfoedeby the energy
gaps that correspond to a combination of single-electron orbital tiozussi
(configuration interactions). Take the B&himolecule for example, the HOMO
and LUMO are not enough to explain the energy state transitions that o¢leisr i
molecule. At least four orbitals are required to qualitativelgcdbe the real

transitions found in the spectrum. Different combinations of the ottoraibital
transition results in two fundamental low-lying excited staamditionsQ, and

Q, , and certain high energy excitation in the Soret band (Figure 11).
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Figure 11:Schematic graphepicting (A) the molecular orbitals of HOMO+y,

), HOMO(y,), LUMO(y,), and LUMO-1{,) in BChl-a; and (B) the realisti

molecular transitions found in BC-a that are actually a combination of fc
different frontier orbitals (configuration inter&ms). Each transition dipo
vector is indicated by a black arrc Figure is adapted from WW Parson’s b>°
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Figure 12: The orientation of different transition dipoles from all of the cafact

in Rb. sphaeroides reaction center. This image is ordered in a polar view, using a
spherical cooridnation system where the pole is normalized with the chromophore
membrane plane (C2 symmetry axis of the reaction center). Arrow leargths

scaled to the magnitude of the transition dipole moment(estimated from the
absorption peak height), and the polar angles are estimated from LD/A spectra.
Linear dichroism spectra was performed in air-dried gelatin film at @&tros
temperature (4 K). This figure is adapted from Rafferty &t al.

One special type of spectroscopy associated with absorptiochi®idim, which

means that the absorption coefficient changes as a function opbtdrization

angle. One of its origins is the changeko® 1., because the following:

—

E -ty =| E |l thg | COSO v
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where @ is the angle between the molecular transition dipalg)(and the

polarization axis of the light (orientation &f). Because the absorption strength
depends omncosé, if the molecules in a sample have a fixed orientation in a
collective manner, the strength of the absorption can depend heauite angle
between the orientation axis and the polarization axisEofAbsorbance
dependence on the light polarization angle is calleéar dichroism. Linear

dichroism is not observed if the sample is isotropic. In bulk sangblezndom
distributions of molecule orientation, integration over the azimuthdéang® 0

is a constant(1/3). Anisotropic samples, such as those embeddedhbranes,
exhibit strong linear dichroism. In reaction center protein, once ehetion
centers are immobilized in the dried gelatin film (or polyvirgbaol, PVA film)
and are mainly oriented parallel to the membrane axis, ther laiehroism
spectroscopy can provide a good estimate of the orientation of leachaphore
(figure 12)°°. When the excitation polarization in the linear dichroism erpent

is selected to be parallel to the membrane axis, the cosine oflhe angle
between theQ (Q,) transition and the membrane axis can be interpreted from

the LD/A spectra (a normalization procedure, using the linear adgthr (LD)
spectrum to divide the ground state absorption (A) spectrum). Thaegecal
orientation of each cofactor predicted from this method is very tbodee crystal
structure which was discovered later on, exhibiting the power of this
spectroscopy’ *® In addition to the response to the light electric fiElgd which

causes linear dichroism, molecular dipoles also respond to the kgmetic field
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B, which leads to the circular dichroism (CD). A corresponding iphls
phenomenon of this interaction is that optically active materraheae different
absorption for left- and right-circularly polarized light. A linggpolarized
incoming light can be decomposed into two, equal-amplitude, left- g ri
circularly polarized light components. If the linearly-polarizeghti passed the
sample, those two components shall experience different absorption in it, resulting
in an elliptic outgoing light because of the less-absorbeddeftight-circularly
polarized light component. The complex rotatory power detected hylarisc
polarized light is given by:

_167°N, n*+2

(p—ig) = Je 3 B (3)

where,
¢ 1s the real part of the rotatory angle associated with saaforption,

i.e. the dichroism effect;

o' is the imaginary part of the rotatory angle associated sathple
refraction, i.e. the birefringence effect;

A is the absorption wavelength;

n is optical refractive index;

and g is a parameter analogy to the polarizabibty Its specific form is

given by the induced electric dipoEa and the induced magnetic dipcﬁe

- _ = B oH

—aq -E —(£). 2~

b =a (c) ot
- B, OE

m=(&) - —,
(c) ot
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Where thes parameter is given by,

g== % R @)

3rth 5*v2 —v? + 27v 5,

andR,, is the rotatory strength in a very simple form:

R. =Im<a| p|b>-<alm|b>}=p| m|cose (5)

For those measurements performed in the ground statea stéageound state, and
b runs over all excited states. Expression (5) reveals the aribsal factor that
influences the CD signal intensity, which is determined byr#lative angle
between the molecular electric dipole vector and the magnetiedipotor. This
also explains the microscopic origin of molecular chirality.

The third type of absorption spectroscopy that was utilizedhferthesis
is the electronic Stark effect. The Stark effect was diseovby Johannes Stark
in 1913° when he found that the spectral line of hydrogen can split into
symmetrical ones in a strong external electric field. Theghmnism also applies
to molecules. The absorption bands of the chromophores can be shiftdteto eit
higher or lower energies depending on their relative orientatiohet@xternal
electric field, which is determined by the electronic orbpalarization. In
anisotropic samples, this effect can be collective, and therabéand shift
reflects the individual chromophore's responses to the exterrdl Ifieisotropic
samples, the band shift to either direction shall lead to a sbleatrd broadening
effect. As a special case, the chromophores in the reaction ggntem are
immobilized in the protein matrix, which provides both a natural probelsoda

well-defined electric field (charges are localized on theomophores). A
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description of the mechanism and the expression of the Stark shiffe d¢aond in
the introduction section of Chapter 3.

The opposite side of absorption is emission, which is categorized into
spontaneous emission and stimulated emission. The stimulated enpissess
is simpler, because it is essentially a photon copy procesghtiten that carries
exactly the same energy as the energy gap size draws dowxcited estate
particle to the ground state and emits another identical photon. Spmmane
emission is usually expressed as fluorescence. For partidespé two-energy-
level systems, the factors that influence the fluorescenassityend lifetime are
fully described by the rate equation and the Einstein relatipngkssuming
thermal equilibrium, the radiation energy density in a confinedcavigiven by

Planck’s formula:
87zhn’/? 1
AV) = —— (6)
¢ e —1
For a particle inside a cavity, the radiation field is the resleelectromagnetic

wave. In order to achieve equilibrium, the number of absorbed photons must

equal that of the emitted photons:

(Aa + BN, = BpdvIN, (7)
where,
A, is the coefficient for spontaneous emission;

B,. is the coefficient for stimulated emission;
and B, is the coefficient for stimulated absorption. In thermal

equilibrium conditions, the population distribution of energy levelsand E,

satisfies the Boltzmann distribution, such that:
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N (By-Ey) _hv
b —p K —e KT (8)
N

a

Solving the above equations produces the ratio of the spontaneous emission

coefficient A, to the stimulated absorptids,, , such that:

A, _ 8zhn®?
Bab C3
8zhn*? = —
Aba oc C3 (E ' :uba)
327°n 5
oc Wl o |
The above expression suggests that the fluorescence intengigt isnly

proportional to the dipole strength in the absorption, but also emits strong

shorter wavelengths«{ v*). The Einstein relationship for simple two-energy-
level systems clearly does not apply to molecular systemt®ndensed phase
(e.g. in solution), where the spectral line has been broadened tcctauspe
Similar laws, however, can still be derived for such situatiohs. fluorescence

intensity F(’), as a function of frequency, acts as a partition function to
renormalize tha/® relationship, such that:

Gy = oyt = AR
Jvf 3F(v)dv
v =1/4 =vlc
FVY o exiT (v — W kTIC v
and, In[F(v)/ v’4v)] o« —hv kT
Therefore, by plotting odn[ F(v)/ v v)] versus frequency(), a straight line

with slope — W kT should be resulted in, called thi€ennard-Sepanov

relationship. If excited molecules emit fluorescence before thagh thermal
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equilibrium with the environment, the slope of tht should be less the
predicted. This approach is useful to reflect thiefoarmational “hot” excited sta
prior to fluorescence emission, particularly at low temperatuhgs Technique he
been used to show that in some polar sos, the Bchla molecules fluoresc
from their “hot” excited state below a transitimmperautr¢ which suggests
slow nuclear relaxation psibly pertinent to a conformational trappi
phenomenon dbw temperature (cited as aerence in Chapter 2).

The fluorescence emission spectrum of a molecusoiution usually ha
its peak at longer wavelengths compared to thathef absorption sptrum

(Figure 13).

intensity

Stokes shift
-

absorption

wavelength

Figure 13: A general diagram demonstrating the eptscof fluorescenc
excitation and emission spet. The Stokes shift is the distance between
spectral peaks.
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This difference in peaks results from nuclear relaxation of xbhigeel molecules,
which dissipate energy into the environment during the fluorescencesprokhe
red shift in the fluorescence peak is called the Stokes $taft @eorge Stokes,
who used UV light to excite mineral material and found visiblatligmission.
The Stokes shift can have many origins, the most common of whicluénttie
intramolecular vibrational relaxations of the excited molecuhesralaxations of
the surrounding solvent. Other possibilities of the energy lossxarec state
reaction, complex formation, and/or energy transfer. For the simples
intramolecular vibrational relaxation events, the magnitude of Stckét is
assumed to be proportional to the reorganization energy (the elpbtivoon
interaction) between ground state and excited state. This concdmdraurther
extended to the charge separated state to represent the resirganenergy
associated with electron transfer, since the concept of Swikésgenerally
represents some energy cost in the solvent environment resulteariremergy
conservation of the entire system (solvent+solute). A painless afpmticof the
Stokes shift concept in electron transfer theory probably regairgeerfect
separation of “solvents” and “solutes” in both space scale and ¢tahe $n terms
of space scale separation, it implies a clear atomic divisetween so-called
“solvents” and “solutes”. The fluctuation of ideal " solventshould be
independent of the reaction occuring in the “solutes”, which is itear
response assumption. For time scale separation, it means thagadbe of
spontaneous fluctuation of the ““solvent” itself should be visible teelbetron
transfer time window to make it relevant for the reaction, etiserit leads to a
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so-called non-ergodic case. Realizing this point and the followingatamns is
crucial to accurately model non-equilibrium electron transfer in préfeins

If an excited molecule decays solely through fluoresceats@opulation
would decrease exponentially over time. The spontaneous emission iengeffic

would be the decay rate, the inverse of its lifetime:

dN, = A Ndt
7. = 1A, =1/k,

In practice, other decay mechanisms compete with fluorescgneghausting

the excited state population, thus decreasing the lifetime obxbied state.

These mechanisms include triplet state formation (intemsystessing, ork,.
for its rate), nonradiative decay to the ground state (internal cooweos k. for
its rate), energy transfer to other molecules(resonanceyetargfer, ork,, for

its rate), and electron transfdt ( for its rate). The total rate is a sum of all those
above:

ktotal = I‘(ba + I‘(isc + kic + krt + ket + A (9)

The fluorescence yielg from a homogeneous sample is then proportional to the
fluorescence lifetime, because:

photons emitted _ k,, _ 7

= = (10)
photons absorbed Kiotal Tpa

In addition to fluorescence, another photon emitting process is
phosphorescence, which is the photon emission from a different elecitatec

the triplet state. The dipole-light electric field interantidoes not drive the
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transition between singlet and triplet states, as this isdidebi by the selection
rule. When a molecule is raised to an excited singlet stadégateln into a triplet
state often occurs with lifetime constants ranging frons tef nanoseconds to
microseconds. The triplet state is energetically lower than theedxginglet state,
but higher than the singlet ground state. When triplet state mae@iien to the
singlet ground state, photons are emitted as phosphorescencesé@dwaenergy
gap between the triplet state and the singlet ground state issmadler than that

of the excited and ground singlet states (spin-orbit coupling) téne decay rate
is also much slower. Typical lifetimes of excited triplettes range froml0° s
to more than 1 s. In the reaction center, Bietriplet state  P") decays in 6us
at room temperature, which largely reflects a quenching byc#retenoid.

Although phosphorescence process is slow, it is typidditytimes weaker than
fluorescence which makes it difficult to measure. One techniglledc'‘delayed
fluorescence” can be used to study the energy level differegivveen the triplet
state and the ground state, which is realized by utilizing a badkthermal
excitation of the triplet state back to the excited sindbdtes This approach also
has other applications, like being used to examine the energieyathids of
metastable states that are created photochemically througfhoeléransfer or
other processes. In reaction center protein, those charge seépatates
experience thermal equilibrium and relax. As a reverse of this process, msathe s
populations of charge separated states at low lying energy stigte become
excited to higher ones until the excited state via thermalilequih. The re-

emission from those re-populated excited state reaction cafgerprovide some
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information about the thermal equilibrium process between the chepgeased
state energy levels.

Each type of electromagnetic field and molecule interactions earséd
to study the photochemistry of the reaction center from oneta§pletourse, this
has some merits, for example, the fluorescence spectroscelfyoril/ involves
the photons emitted from excited state to the ground state iwangdpulation,
without other signal source. Simutaneous recording of other spectrasigopys
clearly will provide more information, and will be particularly pevul if all
those spectroscopies are synchronized to detect the same photagheveists.
The pump-probe technique provides such a possibility, in which both the
absorption change and stimulated emission change signals areinmicigtly
treated as transmitted light intensity change signalsveddiy the detector. If the
overlap between the absorption spectrum and the stimulated emissairusp
from one molecule is not significant, then it is possible to findesaravelengths

to characterize them individually. In a typical pump-probe experijree sample

is excited with a pulse with frequeney and wavevectok,, and is then probed

by a second pulse with frequeney and wavevectok,. The optical path of one

of the pulses is varied to change the delay between the twe plilee measured
signal is the difference between the intensities of the trigtesihprobe pulses in
the presence and in the absence of the excitation pulses, and issaakyaged
over many pulses. In a system with only two electronic stdteg]ifference can
reflect either stimulated emission from the excited statéleaching of the

absorption band of the ground state. The reason is because of thermdatan
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of the absorption and the emission signal sources in this techniqieh ds
been narrated above. In a three-state system, formation of ttiestidsie (c) can
induce an excited-state absorption signal (excitation from btatestate c), in
addition to the stimulated emission signal or ground-state bleasigngl, if the
b — c transition is allowed by the selection rule.

Spectroscopy data generally takes two or three dimensional {evea
more dimensions are possible, but are usually studied individualty).the
simplest two dimensional case, the form of the rudimentary idatgually the
transmitted light intensity as a function of wavelength. If theogption is being
measured, the transmitted light intensity is then replaced muaatity A
(absorbance, unit in optical density, OD) which can be directiselag¢ed to the
molar absorption coefficient. This is achieved by relating therbbeoe to Beer-

Lambert law:

| =1gexp(—-£Cl) =1,10°“ =1,10" (11)

In pump-probe experiments, the signals are all measured aseddé signals
(before pump and after pump). The signals are then normalized to ftre-be

pump light intensity:

AA=A-A = —Iog(ll—) (12)

In a three dimension spectra collection, the extra dimension ciméeaxis,
which makes it a time-resolved spectrum. All spectra areasored by
accumulating photons over time intervals. The difference betwedwoa
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dimension steady state spectrum and three dimension time-respk@tda is the
length of integration time, where the integration time foready state spectrum
is long enough to pass and ignore all the short-lived intermedatts sind the
integration time for three dimension spectra is cut into smaldews and
witnesses a continuous change in the photoactive components. Therbeare ot
physical quantities that can be used for the extra dimensikasemperature, pH
or even excitation intensity, which will provide more complex patame
dependent studies.

5 Interpreting the experiment spectrum to understand
photochemistry events

There are some commonly-used terms in spectroscopy to deserigi@ c
photochemistry events. One of them is “bleaching". It refers popalation
depletion of certain light absorbing species (if it absorbs in the visible regem,
the outcome is “removal” of the color window). In the reaction cerg&gitation
of the dimer will result in a bleaching of the ground state absorpband
centered at 865 nm. In the difference spectrum, the bleaching dintlee will

show itself as a negative band signal (Figure 15).
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Figure 14: The gund state absorption spectruntheRb. sphaeroides wild type
reaction centein the 28(-920 nm wavelength region. Different transition oet
are correspondingly grouped in a rectangbox (from left to right) Soret bant
(300420 nm), Qx band (4¢700 nm), and Qy band (700-920 nm). The
absorption bands have been assigned to the elactransitions contribied by
each cofactor.
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Figure 15: Difference absorption spectra recoraedheRb. sphaeroides wild
type reaction center itne Qx and Qy spectral bands (top graph battom grap,
respectively), 10 ps after light excitation at 86f. The highlighted aree
correspond to thkighlightec absorption bands the ground state absorpti
spectrum shown in figure 1
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To interpret the time resolved spectra and translate it into phobisting events,

a concrete example would be beneficial. Again, the electron ¢rapsicess in

the reaction center protein is taken as an example to ex@aariespondence to

the time resolved spectra. In Figure 16, the transient absorptionasipelsbth the

Qx and Qy spectral band regions were recorded at time delays of 1 ps, 10 ps and 6

ns after light excitation. The spectral features at these delays majorly
represent the corresponding electronic statesPPH, , and P'Q, . At the initial

moment, 1 ps, the excited state P* should reflect two events: dygderance of

P from the ground state, and the appearance of P*. The first éwawmh €learly

in the absorbance change of both the Qx and Qy bands, where a groend stat
bleaching of P was observed (centered at 595 and 865 nm). The second event
normally expressed as a broad absorption of P* (excited stat@p@tisalue to an
excitation to higher excited states P** from P*,), which doesappear to be
significant in either spectral region, except for a slight di#sare change in the

800 nm region. It is also noteworthy to point out that a significagatnee band--
representing the generation of stimulated emssion-- overlapstiveitP ground

state bleaching in the Qy region (850-930 nm, more apparent when reampa

with the following 10-ps spectrum). Such stimulated emisson is dirtkea
simutaneous depletion of P* population caused by the — P'H,
photochemistry event occuring at this time scale. When theratettansfer

proceeds to th&'H, state (see 10-ps spectrum), similarly, the disappeardnce o

the P andH, states should be observed, and the appearance &f tlad H,
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states, becomes apparent. In the Qx and Qy spectral regicses ethents appear

as a bleaching of the 865 nm band (P ground s@tgthe 760 nm bandH,
ground stateQ, ), the 600 nm band (P ground stafg), and the 540 nm band
(H, ground stateQ ). At the same time, an absorbance increase near 660 nm

(H, absorption) represents an increase in ke anion population. TheP”
absorbance increase does not have an obvious contribution in either of the spectral

regions currently being shown in figure 15 (500-750 nm or 700-950 nm). The

final stateP*Q, can be analyzed in the same way asRhE, state, except that

the Q/ Q, states are basically silent in the current spectrabne@f./Qa” has
absorption change around 250-280 ®Hmleaving only the P ground state
bleaching feature available. Because all three electraatiesshave their distinct
spectral features, it is not difficult to separate themtdpatooking at all of the

spectra covering both wavelength regions (500-750 nm or 700-950 nm).
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Figure 16: Time-resolved spectra of ®Ri& sphaeroides wild type reaction center
in the 500-700 nm spectral region (left), and the 680-960 nm (right) spectral
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regions, at 1 psK ), 10 ps PH, ) and 6 ns P'Q,) after laser excitation at 860
nm

As noted previously, the time resolved spectrum is often presentétien o
dimensional or three dimensional formats. For two dimensional datkinttes
can directly be related to the undergoing chemical reactiBasause many
elementary chemical reactions follow an exponential relatipn@iiher follows
Arrehnius law or Marcus formula for electron transfer reacti@)d more
complex reactions can often be treated as a series of relamechemical
reactions, or phenomenologically, as a summation of several expoueckys.
Therefore, the conventional approach involves performing multiexpohentia
analyses to extract all of the decay lifetimes. Mathemliticthere are a number
of ways to implement this analysis, from a straightforwardtiequare fit based
on assumed parameters to more parameter-independent approachrtingréso
integral transform. The straightforward least-square fitp dteown as the
Grinvald-Steinberg re-convolution metf?4dis adopted in the ASUFIT software
(www.public.asu.edu/laserweb/asufit). This method utilizes a plaugibktional
form for the decay data (here it is a combination of sevepreqtial functions)
and adjusts the parameters until the statistical error bettheefitting data and
the experimental data is minimal to achieve the best fit. Irptaetice of fitting
luminescence decay data, this is separated into two steps: comva@nd fitting.
Suppose thatHt) is the experimental decay data, it will be equal to a
convolution of the instrument response of the excitation light #&sh and the

physical decay function from the samglé,):
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Ft) = [Gt -s)i(s)s (13)
The critical study by Knight and Selinger has concluded that Huemelution

of F(t) without apriori assumption concerning the functional formi @f) is
not practicdi’. How to determine a proper functional form that is model-
independent, when fitting low signal-to-noise ratio data, has bemmyastanding

guestion. Take multiexponential form for example, the room mean square
deviation,RMS, of the following two expressions (Figure 17):
1 1 1
f(t) = gexp(—t/2) + 5exp(—t/3.5) + gexp(—t/6) (14)

gt) = %exq—t/5.46) + %exq—t/2.26)

1.0
0 | —— f(t)=(1/3)*exp(-t/2)+(1/3)*exp(-t/3.5)+
(1/3)*exp(-t/6)
0 8 ] —— g(t)=(1/2)*exp(-t/5.46)+(1/2)*exp(-t/2.26)
= 0.6
(*2] 1
-3
= 0.4
h 5
0.2
0.0

Figure 17: Overlay of discrete sampling of two function forms (f(t) atydig(
equation 14), where t is ranged in [0, 30].
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is as low as 2.410™*, which means that if the noise level of the experiment data
is larger than this value, there is an intrinsic difficulty whegtempting to
differentiate them simply from the experiment data itselfict5 parameter
uncertainty can only be solved by retrieving physical infoilonaabout the
system. Once a prescribed functional has been decided, in the diktigg, the

error between the convoluted fitting data and the experimentlisi&valuated

as.
@ = YalRe,) - Rt (15
1,191
L 4o

The symbola represents the square deviation of the each point because, from a

statistical standpoint, greater weight should be given to pointeewhervariance
of the experimental observation is small. In some simplifieds¢aseticularly if
each single data point measurement is not statistical (typiatiktical case is

photon-counting technique) but rather is a one-shot record (like a &inglktc
trace in pump-probe experiments), the weighting faedocan be ignored. The

residual @ can often appears as other symbols, such as the Chi-sgljaire
literature.

Aside from the absolute error threshold, the residual pattern dittthg
is also important for evaluating the fitting quality. Ideallige functionF(t, ),
that describes a fluorescence decay process, would have the expaliyn
determined pointsF(t,), scattered about it in a random fashion. Markedly
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different analytical expressis used to describe the decay process might res
very similar values ford ; however, the residual from the wrong expressiond

lead to a nomandom distributio, which is explained in figure 18.
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Figure 18: A kinetic curve measureda photolysis experiment, fitted wila
single-exponentidiunctior (top graph) and the same kinetic curve fit with |
expoentialgbottom graph) Residuals for each graph are stbeneath th:
graphs. The top graph shows a-random residual pattern, while the bott
graph shows a random residual distribution duriregwhole time cours

Randomnessf the scatteed experiment data points from a propoketttion
can be evaluated usintige autocorrelation function of the residuals, \Whi

defined as:
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Overall, the least-square fit is an iterative approach,itancbnvergence to the

at,) =

global minimum is largely dependent upon the number of parametese iand

the initial parameter guessing. New approaches have developectim years

that improve the initial parameter guessing simply through meion of the
experiment data. These approaches employ the integral transfchimique and

use different stabilization techniques to address the numeribditgtdifficulty

in the inverse Laplace transform. Two popular methods include Tikhonov
regulatiori*®® and maximum entrop{ ® and one recent method (phase function
approach) invokes the Kramer-Kronig relation to recover the parametetts wi
success. After the transform, the function is the rate constanbudii®n in a
continuous form. Some non-iterative methods have also been applied to
multiexponential analysi® For a conventional approach like the Grinvald-
Steinberg method, unless there is a very clear physical explamat appending
more exponentials to improve the fit, the fitting should stop at Hieststal level
described above. When the number of exponentials increases, theediatee
constants can be less useful and the explanation for each of émemso be
problematic. One way to alleviate the problem with this limitto use the
stretched exponential function for phenomenological descriptions, or the
Kohlrausch-Williams-Watts (KWW) function:

t)s

ft)=e " =[e o) (18)
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Here, r is the characteristic time constant in the relaxation ibigton, the

index, £, is associated with the width of the distribution, or the varietthef
relaxation processes. {3 approaches 1, the decay process distribution

approaches a Dirac function and the decay becomes essentiade s

exponential. Wheng decreases, the distribution of exponential decay times

becomes broader, and the average lifetime produced by such a distribution is:
<7 >=pfr-1(B) (19)
whereI{) is the gamma function. The physical origin of multiexponential decay
can be various. At least two physical mechanisms can botht resuhis
phenomenological lalt. Interestingly, both physical models summarized in the
amorphous system have their own corresponding mapping to the existing
explanations for the non-Arrehnius electron transfer decay matkei reaction
center protein. In the first model, many parallel channelsydea&re used to
explain the static defects in the amorphous medium, and this expianedis
mapped to the explanation of reaction center heterogeneity ynstadies. The
second model requires that the relaxation follows a hierarcéticadture: certain
low level relaxations can only relax after the completiorhefhiigher level ones.
This model is a mapping of the hierarchical protein energy tapds It is also
worthy to point out that the behavior @¢f and r as a function of temperature or

pressure can be used to determine which mechanism dorfin&ieGhapter 2,

the temperature dependence ®fand r suggests that the second explanation is

more likely.
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Data from the measurements in both dimentions: time (t) and wankI¢1),
provides more redundant information to reduce the uncertainty in single
wavelength measurements. Particularly, for those spectral charinel
measurements, the detection of decay traces at a great numieredéngths is
performed simutaneously, allowing for low noise statistics. Maathadological
reviews demonstrate the importance of simultaneous (globalseal multiple
decay tracé$™. The combination of global analysis with testing of a photo-
physical or photochemical model is often called target analystane-resolved
experiments, the recorded time- and wavelength-dependent dae calated to

the molecular processes using the framework of the transientrogmepy
theories. If the time constant of the reactions is longer thaositikation periods

of the relevant molecular vibrations, one may assume that the absarpéinges
originate from intermediates with spectroscopically wellytedi properties.
Under these conditions, only exponential processes are present, and the

populations of the various intermediates follow the equation:

de t(t) _ _i_k"' N (t) (20)

The symbol n is the number of intermediate states;

N.(t ) is the population density of intermedidte at time t;

andk; is the rate constant for population transfer figmto | ; -

On the other hand, the spectroscopic properties of a mixture ohedetes are a

superposition of the same properties weighted by their concensatlon

absorption this is known as the Beer-Lambert law (a forementione&)alddws
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the noise-free, time-resolved spectrudft , 1) is a superposition of the

contributions of then_ . different components (intermediates):

comp

com

At ) = Y e()a(d) 21)

wherec,(t) and g(4) denote the concentration and spectrum of compadnent
respectively. Typical values for the number of components whicloeatudied

with time-resolved spectroscopy ate< n__ < 10. According to equation (21),

comp
the time and wavelength properties are separablepA@dndan be written as a sum

of exponential functions:

t
| n

AR AL) = mzﬁgq(@ —(od I N; Je (22)

The symbol is the pathlength in the sample;

7; is the eigenvalues of the rate constant magfix

and o;(A) is the absorption cross-section of the intermediatat 4

The matrix N; depends on the rate constant matkix and on the initial

conditions generated by the excitation process. The investigabaly o this
thesis is to understand the microscopic properties of the electmasfdr. The

primary experiment result concerns the number n of intermedatts shvolved,

a parameter that is equal to the number of detected timgaotms, . This
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determination requires a decomposition of the time dependentg 4ft ) into

exponentials:
. _t
AKAL) = Ya(Ae (23)
j=1
Combining (22) and (23), the amplitudes contain information on the difference

cross-section spectra of the intermediates and the initial graatedis a rather

complex form:

In(10)

0i(4) = od4) = —

Sa(A(N, ) (24)

The difference spectra can only be determined for a knownxmigtri. However,

the calculation ofN; requires the complete rate constant makix. One
obtains the decay rates, i.e. the eigenvalues of this matriexperiments. But
the determination of the complete matrix from the eigenvaluemtigpossible
without making assumptions on the reaction scheme.

Measurement ofA 1,t) in equation (21) poses the inverse problem: how to
recover the spectroscopic and kinetic (dynamic) properties otdhgponents
from the data. In practice various problems can arise: first,ntimaber of
components present in the system may be unknown; secondly, in gezitrat
the concentration profiles (t ) nor the spectra; (A1) are known. However, the
experimentalists typically have a priori knowledge about which ctdratéon
profile shapes or spectra are realistic. This knowledge often amoucdsnmon

statements regarding continuity, non-negativity, and unimodality, etc.
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When a priori knowledge about a detailed kinetic model is availabliegar-
invariant compartment model can be used. The global analysis is equit@la
number of noninteracting, parallel decaying compartments. In thigtisin,

equation (20) is converted into a simplified case, where the offtoied part of

the rate matrix; is ignored:

dc (t n
cjzl() = Y K(t) +s(t) (25)
t =
Input to the system is described by vedftr) =i(t)[1 x, ... xnwmp]T , Where

X, represents a possible extra input to compartrhersind i(t) is the instrument

response. The essential step of this approach is to make an gogisé of K

vector, and then the concentration evolution of each compartment is gjivghy

by ct) =e" @ s(t) through iterative convergence to the experiment spectrum.
When the kinetic data is fitted with a sufficient number of exponential decays, and
their amplitude & 1) is called Decay Associated Spectra (DAS). Note that in
general the DAS do not correspond to real spectra; this istlomlgase when a
component decays without interconversion to other components, some times the

DAS are also termed as the Decay Associated Difference SpectixS)DA

Along with the global analysis of independent decayg| (1| n_ ), the simplest

‘comp.

kinetic scheme is the unbranched, unidirectional modet @ — ... > ng,,.).

Those two types of models are also termed parallel and sequesgctively
(here for model, we are still refering to mathematical mautl physical model).

In the sequential model, back-reactions are ignored on the assurttpt the
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energy losses are large enough to block the reverse reacten Kate the

assumption that there are no losses in the chain2l— ... »> n and the

comp?

compartmental model for all the, . compartments in equation (25) can be

comp

solved to yield:
g(t) = ibj, exp(—k1) @i(t) (26)

where k; is the decay rate of compartment j and the amplitugjesof the

(convolved) exponential decays are definedhy= 1 and thus foj <1 :

b, = l;[kn/ H(kn =K )y (27)

The spectra resolved for each compartment in this method ard Eaitdution
Associated Difference Spectra (EADS). Like the DAS, in gariwe EADS do
not correspond to real spectra,

The parallel model and sequential model are the mathematicalsmbaewill be
frequently used in this thesis. There is essentially no phyisicamation in the
two models, and as such they are different from the "‘targegsasialvhich has
clear physical pathways including branching and bidirectionalsratiowever,
because of the simplicity in those two approaches, it is possibtaetrpret the
DAS and EADS from the real spectra as a combination of sepésaical
spectral components. With simple systems the interpretation oDAi2S or
EADS can be straightforward. For example, when a sequential nwvatiel
increasing lifetimes represents the correct physicocherpicaélre, the EADS

correspond to true Species Associated Difference Spectra (SARIEch
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characterize the intermediate states. In that case the DARBsent the decay
and rise of these states.

One nice thing about the electron transfer processes in th@neaenter
is that the average lifetime of each step is widely separated by abeastder of
magnitude (e.g. in thigb. sphaeroides wild type reaction center, 3 ps, 200 ps, and
>10 u s are found in figure 8), which make them separable using eilibieal g
analysis (DAS) or sequential analysis (EADS). The DAS and &ABalysis with
three states have clearly resolved three electronic sRtesP'H, , and P'Q; .
The inter-conversion lifetime constants associated with thoses staatch well
with previously known values (figure 8). The spectral features soraling to
each electronic state are also consistent with the observatitre itransient
absorption spectra (figure 19, and for the transient absorption speetriéggure

16). The major difference between figures 19(A) and 19(B) is irfitbietwo
states (4 ps and 200 ps). The non-decay states (represemsQhestate) are

identical from both the global and sequential analysis methods. liglohal

analysis approach, the DAS of the 4.2 ps component features an absorption
decrease of thdd, (centered at 545 nm), and an absorption increask ,of

(center at 660 nm), together with a minor derivative-shaped spksatate in the

575-625 nm region. The DAS feature here suggests an electron rtransfe

from P* to H,, thus converting it to anion form.
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Figure 19: (A) DAS from a global analysis basedransient absorption spec

in the 500-750 nnspectral region covering «6.5 ns delay after light excitatic
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on theRb. sphaeroides wild type reaction center; (B) EADS from a sequential
analysis based on the same data set.

The reason for seeing the appearance of derivative-shapatefeat the spectra

is not yet clear, which could be related to the Stark shift of ribetral

chromophores (more likely3, or B;) due to a building up of an internal field
associated witlP"H, state. The DAS decaying with a 210 ps time constant is a

mirror to the 4.2-ps DAS, which suggests a recovery evemi,of> H, upon

electron transfer to the quinone. This speculation about the origin of the

derivative-shaped feature in the 3-ps DAS can be somehow vindicated by the 200-

ps DAS, as coming along with the retreat of the electron residél,, the

attenuation of the field causes tBg (or B;) spectrum to shift back. The final
non-decay state exhibits a prominent bleaching at 600 nm, representing
bleaching state of P in the'Q, state. The EADS produced by sequential model

analysis describe the same processes as DAS, yet theyerdpties spectral
progression landmarks of difference states as apposed to emphasieing
simutaneous decay processes from initial states. The EADSl¢hays with a
lifetime of 4.1 ps is clearly dominated by the spectralufeabf P*, because only

a strong bleaching at 600 nm has been observed. The following 207-#S BAD
very similar to the transient absorption spectra observed nearfaOthse P"H,

state (refer to figure 16), and indeed, as seen in the poputatidution kinetics,
the maximum population occupancy of this state occurs around 10-2i@uye (f

20).
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Figure 20: Normalized population evolution kinetics of each state solved in the
sequential model analysis (figure 19B). The graph uses a semi-legatdlthe
linear region is truncated after 1 ps. The initial gaussian peak (maggettte)
instrument response function (IRF).

6 Electron transfer, Marcus theory, and the reaction diffusion model

Electron transfer is a mechanistic description of the thermmoigna
concept of the redox process. In a concrete picture, the electron fmavesne
atom or chemical species (e.g. a molecule) to another, during wiawmxidation
states of both reactants change. Early theory development focusetie
chemical and electrochemical electron transfer. In the abawvéypes, on many
occasions, the reactions are largely diffusion controlled. Marcsisdeveloped
an approach to calculate the reaction rate as a function ofetheriergy of the

system by connecting it to the transition state theory in @aied continuum

background. The reaction system is composed of three elementtantea
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product, and solvents. In order to make the reaction rate calculatcakie, the
solvents were treated as a dielectric continuum. In the t@nsstate, the
position-dependent dielectric polarization of the solvents is considased
independent of the reactant or product states, or in other words, asoloackg
fluctuation. The electronic polarization for the solvent molecules regidly
respond to those nuclear fluctuations. By introducing a so-calledyae@ation

term”, A, the reaction rat& can be written into a very elegant manner:

K = Aex;{— ﬁ} (28)
B
0 2
AG = 2|14 2C (29)
2 P

The A in equation (28) is a term dependent on the nature of aroalectr

transfer reaction, either inter-molecular or intra-moleculae ®erm AG® is the
standard free energy of reaction. The reorganization enérggn take different
expressions in different systems, which will be described iailde¢low. The
above formula can also be derived from two parabolically shapedefrexry
curves as a function of a certain reaction coordinate that cortheatsactant and

the product (figure 21).
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Figure 21: Free energy parabolas and the associated parameters inthEoous
The X axis is the reaction coordinate associated with the electron trahsidas

is the Gibbs free energnG’ is the free energy gag, is the reorganization
energy, andH,g is the electronic coupling. Figure is taken from wikipedia
(http://en.wikipedia.org/wiki/Marcus_theory

The free energy is the vertical distance from the valleysvofparabolas. The
reorganization energy is the configuration energy cost of movingetteally
excited reactant at condon approximation along the product reactialiraie to
the lowest free energy state. The sum of them is the aotivatiergy, which is
the energy cost of moving the lowest free energy reactdstatang the reactant

reaction coordinate to the crossing point of the two parabolas.
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An important assumption underlyng the standard Marcus theorytighéha
nuclear configurations and the charge distribution are alwaysdilitaium”,
indicating that there exists only one transition state and only reaetion
coordinate is sufficient to describe the reaction. In principle, threlard Marcus
model is a macroscopic, thermodynamical model, not suitable fotiaes that
involves multiple microscopic states.

Another noteworthy thing in applying the Marcus theory is tliferdince
in intra-molecular electron transfer and inter-molecular elactransfer, also
referred to as inner-sphere electron transfer and outeresghestron transfer,
respectively. Their difference is manifested in the pre-coefft “A” in equation
(28), which is associated with the electron coupling. Intra-moleclictron
transfer has a stronger electron coupling, and normally decays exjpdpevith

distance, while the electron coupling in inter-molecular electron trasstsually

given by the wave function overlap of the donor-acceptor (dipole-dipole

interaction in the classical limit). More specificallythie system of the reactant is
coupled too tightly during reaction and the activated complex nedus treated
as an integral entity, in ab-initio quantum mechanics detail, orher avords,
nothing in this system can be treated macroscopically as " "sbkmvitonment,
then the exponential part in expression (28) becomes less impamtam: &ree
energy difference of the reactant and the product in thisrsystpials zero in
terms of the “self-exchange reaction” scen&rio

The analytical expressions for the electron transfer in iraral inter-
molecular electron transfer usually appear in the following form:
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_(2+acP
akgT

3
n \ AkgT
The electronic coupling J is given by a precise quantum mechanics

Ker e (30)

calculation on the overlap integral. In an artificial electrondfer system, some
structures are highly ordered and people strive to find cemapirieal laws for

its value as a function of some simple parameters (most commegly the
distance between the donor and acceptor, or more complicated, involving

bridges). The most well-known empirical form of the electron dogplelated to

distance is Dutton's ruler, which predicts intra-molecular electron ¢narsé:

3% = 3 %exp(—fR) (31)

P.L Dutton found a good empirical value f@r, 1.4A™, which can be used to

predict the rate of many protein electron transfers, including pjtostic
reaction centers.

Electronic coupling aside, the term
(4 22KT) ?exp —[( 4 + AG)*/4 Ak,T] is often referred to as the Franck-Condon
weighted density of states when the solvent reorganization engggyates from
harmonic oscillations of the same frequency. If the solvent environséeated
as a thermal bath populated with various vibrational modes, a spin-bagtat m
can be us€d.

One of the most important conclusions that came out from the Blarcu
model, and has been verified by experiments, is the Marcus invegigh.r The

Marcus theory predicts that the reaction rate can actually ddown if one keeps
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increasing the driving force— AG’), thus entering a scalled inverted regior
The inverted region is caused by the reappearance afcavation energy whe
the negative free energy is larger tithe reorganization enerdfigure 22. In his
famous revie’P, Marcus used the inverted region to explaihet charge
recombination thabccurs in theprimary stage of electron transfer in the reac

center protein.

A

Eaci

Figure 22: The Marcus inverted region. When the &eergy level of the produ
stateD’/ A" decreases, the activation barlE,., first decreasesntil it
decreaseto zero. After passing the minimum point of thecteat parabola, th
reaction enterthe Marcus inverted region and the activation keaE,. starts to
increase again.
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In Marcus's original treatment, the “solvents” have no dynamiaildeind are
purely modeled using thermodynamics. In some cases, the assumpton of
thermal equilibrium population of reaction states that are unpertlspethe
reaction itself does not seem to be satisfied. Hans Kranmstsstudied the
problem of finding the reaction rate at which a Brownian partistages from a
potential well over a potential barriér Sumi et al. extended the application to
realistic electron transfer models, taking into account the difusature of the
dielectric relaxation of the solvént More specifically, the “diffusive” motion
refers to the solvent nuclear motion along a polarization coordinate. An
approximation can frequently be adopted in which vibrational retaxatitreated

as “fast” relative to the other molecular motions. Typicdle vibrational

relaxation occurs in the picosecond time scale. Compared withirtfasperiod,
the molecular relaxation time for reorientatign of the orientational fluctuation

of the solvent molecules is longer than tens of picose&dffdsGenerally, the
reorganization energy is then expressed in terms of the orrahpolarization
contribution (slow) and the intra-molecular vibration (fast). Theegfdhe

reorganization energy is split into

A=A + A (32)

In a quadratic approximation for both the polarization components and
the vibrational components, it is possible to single out a scalableathat is
proportional to a certain component of the polarization vector whicsega
through the two minimum energy points associated with reactantsraddcts in

the polarization coordinate space. The intra-molecular coordinates idvalvee
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electron transfer are represented by a coordinate q. Whenatiantcan be
represented by one potential energy surface in (X,q), and the prodaaobther
enregy surface. When the electron coupling between those two I #mea
transition state lies at the intersection of two surfaces.spposed that while the
distribution of X on the reactant's surface may not be an equililmnenthat of g

is. Therefore, a rate constant k(X) can be defined, which involveadh X a
suitable averaging over the population in the q coordinate. The resubictgpre
diffusion equation involves the coordinate X diffusing via a Brownian motion
under the influence of a potential V(X), while the reaction occuesieh X with a

rate constant k(X) during the diffusion. Mathematically, this is written as:

Vieactant = %(q2 +x%)

Vosss = 5(0 = G} + 50X ~ X + AG
A = %xz

A = %qz

At room temperature, the population density evolution of the reactant

AX,t) is described by the Smoluchowski diffusion equation:

M@f’” = Dyt) aix[kBT aix + x}p(x,t) - KA, t) (33)

3 [x ] (AG+a-xA)
K(x) = 2\ 4 kBT“Xp[ 42, kT ] (34)

The diffusion coefficient,D,(t ), can be obtained from the dielectric

relaxation function of the solver,(t ), where:
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Dt) = ¢ t) - “2) 35)

The dielectric relaxation function of the solvent typically candedaved from
certain experimental measurements. For example, in the stydynafry electron
transfer in the reaction center, the absorption change of two tryptopsidnes
near to the special dimer (P) can be used as a probe foretbetidc relaxation
during P* deca¥?® 8 The underlying mechanism for the tryptophan absorption
change could be associated with an internal Stark electiid fiom P* that
aaffects the tryptophan dipoles. The absorption change of the tryptogfiantsr
the decay of the internal field strength. In most circumstaricesimpossible to
solve the entire equation array analytically, and a numeriaai@olis convenient
with the assumption of initial conditions. If an initial condition isnermal

distribution of the prepared reactant state over the fast saambiordinate upon
light excitation, the expression would h€x,0) = expg «(x + X,)°]. The final
observed time dependent population of the reactant concentration would then be:
P(t) = [Ax,t)dt (36)

The above expressions represent the classical form of the Masry.
At higher temperatures, such as room temperature, these expsdassid true. At
lower temperatures, when the thermal activation is not enough tooowverthe
activation barrier, there is still a possibility that the eysican cross the barrier
and result in a reaction through quantum tunneling. As a result, toneoeed

to be made for the quantum limit at low temperatures, and the kbpdrenula
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describes this situatifh A major revision of the classical electron transfer
formula changed the room temperature Boltzmann statistics intai-Bérac
statistics for low temperature limit. At the low temperatlingt, the harmonic
oscillator energy approaches the quantum limit, leaving only the-paent

energy, and therefore the quantum tunneling effect dominates. Inbthe a

formula, equation (34), the term&4 kT and 24.k;T are replaced by

A nacoth(nal/2k,T) and A nacoth(nal2k,T) respectively.

7 Molecular modeling techniques for studying the protein dynamics
in reaction center protein

In parallel to the experimental work performed in the moleculalogy
wet lab and the laser lab, computational techniques have been emjpldyater
the understanding of the reaction center system. The computa&éohaique that
can be utilized to study the reaction center system is vatimre, we are more
interested in realistic, physical models of well-defined assints rather than
numerical models. More specifically, molecular dynamics sats and
guantum chemistry calculation protocols are developed and applied totlséudy
protein dynamics and spectroscopic properties of the cofactorsstudw of the
pH dependent electrostatics within the reaction center proteenndimerical
Poisson-Boltzmann approach and the Monte Carlo simulation method were used.

The molecular dynamics simulation utilized in this thesisasenvaluable
for practical engineering purposes than for those of gener@ansstic studies.

The force field parameter and modeling are required to be ngmeus, while
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the simulation data analyses in this work are limited to deewstparisons with
the experimental data or observations.
The principle of performing a molecular dynamics simulatiosinsple,

which is based on Newton's second l&w £ ma):

dZX- FX»
Q- m 37)

The above equation describes the motion of a particle of masdong

one coordinate X; ), where F, is the force on the particle in that particular

direction. Successive configurations of the system, composed of abamg or
molecules, are generated by integrating equation (37). Nunigritaére are
many approaches to integrate equation (37), and all those qualdi@dthems
mush satisfy two conditions for robust applicafforl) conserving energy and
momentum. 2) being time-reversible in principle. The most popular inik@gra
algorithm is the Verlet algorithth The Verlet algorithm uses the positions and
accelerations at time t, along with the positions from the pretays r(to t), to
calculate the new position at &%, r+or. The following relationship can be

written down via Taylor's expansion:

r(t+ét):r(t)+étv(t)+%étza(t)+1\ (38)

r(t—&):r(t)—étv(t)+%étza(t)—A (39)
adding them together yields:

rt +)=2rt)—r(t —t)+aZ4at) (40)

vit) =[rt +8t)-r(t — )2 & (42)

72



Following the basic algorithm are the physical parameters dbatribe the
interactions (the forces). The forces can be easily calculatexkimg ta secondary
derivative of the potentials, which poses the physical potential modefitige
system as of supreme importafic&he selection of a force field largely depends
on the problem being studied and what kind of information needs tocodred.
Most current empirical force fields are not very good tools tardes chemical
reactions involving bond breaking and electron transfer. A few récerd fields
like ReaxFE® are useful, but are still in very early stage of development.
Empirical force fields have their strength in describing the non-libnde
interactions and configuration distributions in the long term, whiclnatentrast

to quantum mechanics techniques. One might ask, so long as you aregstudyi
electronic excitation and electron transfer, why not quantum med?afice
reason is simple: it is expensive. The reaction center protanmedium size
protein wrapping 10 cofactors in its main body. Simply to calculaecoupled
excited state transition of all 6 BChls/BPhes on a full quant@ohamics level is

a formidable job to do (particularly, recent work shows that thé sgstem that
must be broken with brutal force at very expensive computationatcast a
qualitatively correct absorption spectrifin let alone modeling the electron
transfer coupled to protein dynamics. Therefore, it is not teabs guide the
experiments with such high level, expensive, theoretical calootatfor the
electron transfer by engineering trial and error. Howeves,gbssible to evaluate
the structure and stability of a reaction center mutant inriheng state (relative
to the wild type) with empirical force fields, which could als® applicable to
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engineering of this protein. Once a reliable trajectory isinbd, it can be used
for semi-classical quantum chemistry calculations and can fuptteelict some
spectroscopic properties in a qualitative manner. The force fieltlinghis thesis

is in accordance with Ceccarelli et al.'s workFor the protein and water the
AMBER force field (AMBER99}? and the TIP3P mod® were used,
respectively. The force field parameter sets for the cofei€including BChia,
BPhea, and Ubiquinone-10) and the detergent molecule LDAO were derived in
the same work, and were adopted without further changes fordhedystate

simulation. Preliminary studies of the charge separated statssed on
parameterizations on the partial charges assigned to the ttial spmer P*)
and the BPhe anionH,) and their applications to molecular dynamics

simulation. The parameterizations for the radical states ofcofectors were
realized by performing un-restricted shell density functionalorthe(DFT)

calculations with a relatively large basis set. The B3LiNrid exchange-
correlation functional is used, and a Pople-style 6-31G(d) basis sised for
calculating the special dimer as a whole. The phytyindioth BChlas has been
replaced by a methyl group for computational efficiency. Thegbatharge on
each atom is acquired by doing a restrained electrostatic pbtRESP) fit* to

the electrostatic potential (ESP) from the DFT calculats®ee (Appendix A). A
similar protocol was used for the BPhe anion charge fitting, exbapta diffuse
function was appended to the basis set (6-31+G(d,p)) to accourtef@nton

feature. The force constants for the charge separated &igesl she same as
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those in ground state parameter set. Modeling for the simulatgtensywas
divided into three steps, described in detail below.

First, the reaction center structure was modified and its toalodescription
was prepared. The reaction center crystal structure usdaigonodeling study is

taken from Koepke et & at 1.87A resolution, PDB id 2J8C. The non-heme iron

was treated age** and assigned with two positive partial charges; the Van der
Waals parameter was taken from AMBER99. Protonation states ajrtizable
amino acids are assumed to be at pH=7, except for those known tasiad
ligand or form certain hydrogen bonds (such as L153H, L173H, M202H, L183H,
and L104E). Five missing amino acids in the M branch terminal wad dude
Swiss PDBviewef and modeled as random coil conformation. The other missing
heavy atoms, and all of the hydrogens, were rebuilt bytltbap module in
AmberToof’”. When the naked protein system was modeled up, the system was
put into relaxation using the conjugate gradient method for 500 stepmtve
clashes. This step, and the subsequent simulation steps were peifoidedD

2.7%8

In the second modeling step, the naked reaction protein was wrapped
“clothes”, LDAO detergent micelles, in a stepwise manner, toiege an
equilibrium of the final system within a minimal amount of computipg hours.
More specifically, this was carried out by first wrapping flystem with 20-30
detergent molecules 3-A away from the reaction center structure, followed by a
MD equilibrium in 500 ps at a relatively high temperature (400 Kwahg the

newly appended detergent layer to get close to the reaction cemtkly (fast
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annealing). The wrapping and equilibration step were repeatedveras rounds
until the total number of the detergent molecules reached 110, irdancerwith
previous literature reports(40-370 at pH 6-10, 150 c.a. at’PH 8

The third modeling step involves solvating the entire reacterter protein and
detergent micelle system in a water box, aimost 6B®&A x60 A in size, plus 6
sodium and 7 chloride ions both to neutralize the system and to aeaxiar
concentration of 0.13 M in accordance with experiments (0.15 M, no need to be
accurate, experimental additive can fluctuate from 0-3 M andetieion centers

are amazingly robust in spectroscopy without salting out). Thisistearried out

by VMD softwaré®. The whole system incorporates 90,191 atoms. Standard
molecular dynamics simulation protocol is next applied to thisesysand the
simulation parameters are listed in Table 1.

Table 1: Parameter set for performing the molecular dynamics siomulat
during the equilibration stage

Equilibrium Simulation Parameters Value
Integrator step size 1fs
Trajectory recording frequency Every 1000 steps (1 ps)
Switching distance for short-range force 10 A
cut-off
Short-range force cut-off 12 A
Pair-list update range 14 A
Multiple time step technique 1-2-4 scheme
Simulation ensemble NPT
T-coupling Langevin dynamics
T-coupling target temperature 300 K
Langevin damping coefficient 1ps?
P-coupling Langevin Piston
Particle-Mesh-Electrostatics YES
Simulation Trajectory length 30 ns
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Figure (23) and (24) show the results of some evaluation crif@rigdystem
equilibrium. Following Ceccarelli et al's wdfk if we define the self-diffusion
coefficient of the LDAO molecule by using the mean squarqulatisment of its

head group nitrogen atom, then:

<rit) >= % i‘ri(t) - (42)

According to the Einstein relationship, the diffusion coefficiengiien

<rqt) >
tos g
In practice, the diffusion of the LDAO micelle appears to heassed

D =lim (43)

into two linear regions. The first stage is faster, lastsafound 10 ns, with a
diffusion constant oR.4 x 1011nf/ s , whereas the second stage (the next 20 ns)

is getting slower, decelerating t0.5 x 1011nf/s. Considering that this
simulation work is more than 7 times longer than Ceccarelli'stvedrk, it is able
to capture a more equilibrated phase of the micelle. In facheiffitst 4 ns
trajectory is taken out for predicting the diffusion coefficiahgives nearly the
same value as reported x 10'nf/s vs. 5.3 x 10''nf/s), yet this value
incorporates a significant non-diffusion contribution (inertial regiraed can
cause quite a large error. The final diffusion coefficient ambres the diffusion
coefficient of the protein itself, which most likely indicatdstt most of the

LDAO molecules are docked to the protein as an integral part (Table 2).
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Table 2: Self-Diffusion constant, Bf/ s ] calculated from MD
simulations for LDAO detergent micelle

0-4 ns (value 2-11ns 11-30 ns
reported in Ref
101)

S%AQ 7x10"nf/ s 0.5 x 10*nf/s

Ifusion 11 2.4 x10"nf/s

coefficient (5.3 x 107nt/s)

protein (0.4 x 10nf/ s

diffusion )

coefficient

There are some other order parameters used to chamdterizquilibrium of the
LDAO micelle, which are compared with those values in Cetitangublication

(figures 23 and 24), and all of them show a sign of convergence.

0.15
1 C1-C12 distance
0.12-
o ]
= 0.09-
o) 1 |—=—0-4ns
8 0.06{ | <+ 510ns
o {2 11-30ns
o 0.03-
0.00-

8 9 10 11 12 13 14 15
Angstrom

78



0-10 T T T T T T T T T
----0.8ns
0.08 | ——-1.6ns |
—— 24ns
2 0.06
3
©
o
o
& 0.04
0.02 |
0.00 =

6 7 8 9 1I0 11 12 15 1I4 1I5 16
ci-ci2 Al
Figure 23: Normalized probability distribution of the C1-C12 distance. It
characterizes the configuration of the LDAO molecules according tot#ilsir
extension, which is related to the steric constraint on them. The top graph is the
result of current work, and the bottom graph shows the results from Cecdarelli e

al's work®
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Figure 24: Normalized probability distribution of the C1-C12 orientation relative
to the Z axis @, ). The orientation of the C1-C12 vector with respect to the Z axis

(parallel to the C2 axis), allows the characterization of the LDAO otienta

around the protein complex. Upper panel is the result from this simulation, lower
panel is the result from Ceccarelli et al's wotkin their work, a relative angle
between C1-C12 vector and the Z plane was also presented.

After the equilibrium, the final structure is shown as belbgufe 25) in cartoon

representation
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Figure 25: Equilibrated structure in MD simulation. Upper panel, top view (from
the periplasmic side); lower panel, side view. The reaction center protein i
rendered in cartoon representation, and the cofactors are shown in sticks. The
LDAO molecules are shown as wires (H,C,N,O atoms are shown, the last two
atom types are rendered in blue and red color respectively). The polar groups (N
and O atoms) of LDAO molecules are facing outward to the water solvent. The

ions in the solvent are shown as spheres (pinkcfor and brown forNa’").

Mutant stability is tested by mutating the residue of thgetaamino acidn silico

and evaluating their relative stability from molecular dyr@nsimulation results.
The simulation protocol for the mutants are the same as thoserpedf for wild

type. Criteria used to evaluate the stability is the root megaare deviation
(RMSD, a numerical measure of the difference between tiwotsres, definition
see Appendix B) of the molecule relative to the wild type (tbenaset used for
the comparison is defined as the atoms that are within 7 angsiistaisce from
the mutation site). Figure 26 presents such a result. The stalbilymutant is

normally estimated by its activation free energy barrietwben its folded
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structure and its transition state structure connecting to the udfsldecture
ensemble. Simplified criteria test whether a mutant could exisot by using
conventional molecular dynamics simulation and its local RMSRrfaegement
of the local structure near the mutation site leads to an seE@EaRMSD. If this
is a relative minor change and does not show a linear growthimghn the long
run (otherwise it indicates that there is essentially a diffusside the structure),
then the structure might still be intact. In this study, it app#et lysine (K) and
asparagine (R) might not be a good amino acid replacememhigonuttation site,
whereas the other mutants might still preserve most of theensttiucture. The
mutant M210YR was prepared with molecular biology mutagenesisitpee as
previously described. Failure to isolate the reaction centerwteuas other M210
mutants, suggests that the YR substitution could be unstable, whidm® s
extent supports the validity of the results from molecular dycesimulations.
One useful result that can be produced by the all-atom MD siowlet the 3D
electrostatic potential profile. A quick evaluation of electrbstateraction in the
reaction center protein is often performed with a static streictigually a crystal
structure, using different dielectric constants for the pmoteid solvents. By
assigning each atom a certain partial charge, the spatiaibdi®n of the
electrostatic potential induced by the charge atmosphere caaltdated by

numerically solving the Poisson-Boltzmann equation.
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Figure 26: The structural difference between the simulated stre@ndethe

initial structures (including crystal structures and optimized mutatecdtstes) in

the wild type reaction center and its M210 mutants evolves as a function of time.
The unit for the root mean squared deviation is in angstroms.

In figure 27, it is shown that the electrostatic potential geadrby the smooth
particle-mesh Ewald method in an all-atom level simulatieerégged on the last

1 ns trajectory frame of the MD simulation) is generally venmyilar to the
electrostatic potential obtained with the dielectric continuunthatke (uses one
single crystal structureg = 4.0)'%% Seeing from here, it appears that the
reaction center has different dielectric properties inwis branches as reported

beforg?? 103
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Figure 27: The P electrostatic potential profile of the groundtstavild type
reaction center obtained from molecular dynamimulation (PME
electrostatics), in iswalue surface representation (left panel). Regmitive,
blue for negative. The most exterior positive geofias n isovalue of 0.39 eV
while the exterior negative profile han iso-value of -0.52 eV. Rightahd side i
the electrostatic calculation using continuum etestatics (Delphi) from Gunne
et al's work. Note that the L,M branch in those tyvaphs are flippe

Although the allatom MD simulations often provide more detaabout
dynamics, they nonally do not allow for a constant pH simula*®**°. They
often require quantum mechanics descrifs to account fothe proton transfe
process. Chapterd this thesi investigates thpH dependent electron transfel
the wild typereaction centt and its M210YD mutantSome rough estimes of
certain side chain protonation sis at given pH conditions aneecessaryto
model the electn transfer pathway in tireaction centeafter light excitation. Ir
such circumstance, the Mi-Conformation Continuum Electrostatics (MCC
approach’” has beemsec to estimate the pKa value of the ionizable aminid

side chains. This approach is an improved versidheosingle-structure dieletric

continuum method, whicutilizes theMonte Carlo annealing method to sam
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the side chain torsion angles and gete different side chain conformers in ort

to introduce conformational flexibility (see Figuz8).

Figure 28: Various conformers and protonation stafeAsp 210 side cha
sampled by Monte Carlo approach in MCCE progr

After performing theconformational sampling, the probabiliof the protein tc
reside in a protonation st, represented by vectoX, requires appropriat

Boltzmann average over all possible microstain thermodynamic equilibriun

the vector incorporate®" protonation state elements, whéfds the number o

titration sites The relationship can be expresse!
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Where m is the number of protons bound to the molecule,;gndthe

chemical potential of the protonG, is the electrostatic interaction energy

between ionizable sites. The MCCE program also outputs a iotitrcurve of

each ionizable amino acid side chain, which is given by:

M
O <P >=DP,; Qe (44)
u

wherep . is the number of protons bound on site j at chemical potential
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CHAPTER 2
Comparing the temperature dependence of photosynthetic electron transfer in

Chloroflexus aurantiacus andRhodobactor sphaeroides reaction centers

Abstract

The process of electron transfer from the special pair, P, tpritmary electron
donor, H, in quinone-depleted reaction centers (RCs)Cbforoflexus (Cf.)
aurantiacus has been investigated over the temperature range fromZ2B8® tK
using time-resolved pump-probe spectroscopic techniques. The kinettbg of
electron transfer reaction, P> P'Ha’, was found to be non-exponential and the
degree of non-exponentiality increased strongly as temperatareaded. The
temperature-dependent behavior of electron transf@f.iaurantiacus RCs was
compared with that of the purple bacteridghodobacter (Rb.) sphaeroides.
Distinct transitions were found in the temperature dependent kirétlmsth Cf.
aurantiacus andRb. sphaeroides RCs, at around 220 K and 160 K, respectively.
Structural differences between these two RCs, which maysbeciated with
those differences, are discussed. It is suggested that wpsakein-cofactor
hydrogen bonding, stronger electrostatic interactions at the mpreteface and
larger solvent interactions likely contribute to a higher transi@onperature in
Cf. aurantiacus RCs temperature dependent kinetics compared with th&b.of
sphaeroides RCs. The reaction-diffusion model provides an accurate descripti
for the room temperature electron transfer kinetidSfiraurantiacus RCs with no

free parameters, using coupling and reorganization energy value®usigvi
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determined forRb. sphaeroides, along with an experimental measure of protein
conformational diffusion dynamics and an experimental literatuheevaf the

free energy gap between P* antHR'.

Introduction

Protein folding studies have demonstrated the importance of the protein
conformational energy landscape in determining the pathway and products of the
protein folding proces&® 1% Given this, it is perhaps not surprising that
conformational dynamics of fully-folded protein systems play a critadalin
native protein function. While this concept is not new, the last decade has seen a
dramatic increase in the number and sophistication of theoretical and
experimental studies in this area. This work includes increasingly aecurat
calculations from simulation studfé&™!3 the observation of conformational
fluctuation associated with function at the single molecule f#t/Efand a
variety of studies of photoinitiated chemical processes in protéiis such as
those that employ ultrafast x-ray diffraction technidéfe¥>

One of the most important realizations that has emerged from this work is
that dynamic heterogeneity is not a liability to protein systems, but iy likel
pivotal in making them as functionally robust as they are. The ability to explore
local conformational space means that moderate changes in the environment, or
even in protein sequence, can be accommodated by maintaining a level of
conformational flexibility that allows the protein to compensate approfy.i#te

important aspect of this adaptability is that proteins undergo conformational
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changes over a very broad range of time scales, from femtoseconds to hours,
making them an extremely versatile solvent for performing chemistty a

ensuring that movement, and the associated changes in the energy landscape of
the system, occurs on essentially any time scale relevant to biology.

Different experimental approaches have been used to look at reactions on
various time scales. However, in the sub-nanosecond regime, where dgsential
all electron transfer reactions take place, spectroscopic measur@ments
photoinduced charge separation and associated protein movement dominate. In
this regard, the photosynthetic reaction center (RC) of purple non-sulfur
photosynthetic bacteria is perhaps the best characterized system. This protei
pigment complex uses light energy to power a series of electron transtensa
that ultimately yield a charge-separated state that drives tramdrane proton
translocation. In recent years, it has become evident that electron trarikfer i
system is directly dependent on protein dynamics. In other words, the explorat
of protein conformational space is rate limiting in photosynthetic electron
transfer, and thus it is this conformational diffusion that actually detesmine
charge separation kinetics. This type of electron transfer kinetics is exdbodi
the concept of reaction diffusion in polymer systems and, as a model for non-
ergodic reactions, does an excellent job of describing the electron transfieri
of bacterial RCs over a broad range of temperatures and reaction freesnergie

One of the great advantages of studying bacterial photosynthetioneacti
centers is their robust nature; isolated reaction centers are stablegqeriods
at room temperature and can undergo many cycles of photoexcitation. In
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addition, their structure is easily altered through genetic modification, aynd the
are very tolerant of mutational change in terms of protein folding and cofactor
assembly. By taking advantage of these characteristics, a grehtiddeden
learned about the role of thermodynamics in reaction center function and in the
mechanistic details of specific cofactor function in electron transfeweMer,
exploring the role of protein conformational dynamics is more difficults Htaird

to imagine how one would systematically alter the distribution and
interconversion of different reaction center conformations via mutagenesis.
Fortunately, Nature has provided examples of proteins in which the
conformational flexibility been altered in more or less predictable ways.
Thermophilic proteins are stable at high temperature in part because ttiey limi
access to protein conformations that could lead to denaturation or loss of function.
There are a number of thermophillic photosynthetic bacterial systensideai

and analysis of these reaction centers, in comparison to mesophilic reaction
centers, may provide an avenue for probing the effects of systematic chranges
conformational diffusion on electron transfer. In particular, one might exXpegct t
both the rate of conformational interconversion and its temperature dependence
should be altered in thermophilic vs. mesophilic proteins. Here, this concept is
explored through a detailed comparison of the electron transfer kinetics of the
RCs ofRhodobacter (Rb.) sphaeroides, a mesophilic, purple nonsulfur bacterium
andChloroflexus (Cf.) aurantiacus, a thermophilic, filamentous anoxygenic

phototroph (FAPY: 1%
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Figure 1. Cofactor arrangement in two bacterial reaction centers. Fopiot
bottom, red for the bacteriochlorophyll dimerP)( magenta for
bacteriochlorophyll monomemB( or for B branch inCf. chloroflexus RC, @ is
used, green for bacteriopheophytirH), cyan for quinones(), and metals
between two quinoned-¢ for Rb. sphaeroides, Mn for Cf. chloroflexus) at the
bottom. Carotenoidar) in Rb. sphaeroides RC is in orange color. ARb.
sphaeroides RC, B) Cf. chloroflexus RC. The cofactor arrangement for tRb.
sphaeroides RC is obtained from réf(PDB id: 1PRC), the cofactor arrangement
for Cf. chloroflexus RC is a ‘schematic’ illustration modified from tHeb.
sphaeroides RC. Graphs were prepared by VMD software.

The structure of RCs fromb. sphaeroides is well known in multiple
forms and includes 10 cofactors: 4 bacteriochlorophyll (BChl) molecules, 2

bacteriopheophytin (BPheo) molecules, 2 ubiquinone molecules, a carotenoid
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molecule and a non-heme iron atom. These cofactors are bound to two
symmetrically-related protein subunits, L and M, and form two symmeéyrical
arranged electron transfer chains (referred to as A and B, Figure 1A).dA thir
protein subunit, H, is located on the cytoplasmic membrane side of the complex.
In isolated wild type RCs, only the cofactors in the A-branch appear to bdyctive
involved in the primary electron transfer reactions and each of the reaction steps
has been well-characterized spectroscopitallhe initial charge separation

occurs from the excited state of the two closely-coupled BChls P (P*) to a BChl
monomer (R), forming the state B, in 3 ps. The electron is then transferred
from Ba™ to the BPheo (), and finally to the quinone (Qwith time constants

of 0.9 and 200 ps, respectively.

The structure of the RC fro@f. aurantiacus has not yet been determined,
but past studies have suggested that its form and function is similar to Riat of
sphaeroides™, although the two organisms are phylogenetically quite sepdrate
A schematic model of the cofactor composition of@heaurantiacus RC, based
on the structure of thigb. sphaeroides RC, is shown in Figure 1B. While ti@f.
aurantiacus RC contains L and M protein subunits that are the functional
analogues of those found Rib. sphaeroides, it lacks the H protein subufit
Comparing cofactors between the two types of RCs reveals that the monomeric
BChl in the B-branch of thBb. sphaeroides RC is a BPheo molecule in tk.
aurantiacus RC, the carotenoid neagBs missing, and théf. aurantiacus RC
utilizes menaquinone, instead of ubiquinone, as the secondary electron dtceptor
In addition, there are some key differences in amino acid residues between the L
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and M protein subunits @f. aurantiacus andRb. sphaeroides reaction centers
that likely affect the cofactor properttés

In Cf. aurantiacus RCs, the ground state absorption band of P peaks at 865
nm, similar to that irRb. sphaeroides RCS®. It red shifts to 887 nm at 77 K and
remains at roughly the same position down to 4 K. The stimulated emission from
P* has been studied @f. aurantiacus RCs in polyvinyl alcohol films as a
function of temperature, and the time constant of the initial electron transfer (P
— P'HA) was found to be 7.0 ps at room temperature, becoming biexponential
(3.0 ps and 32 ps) at 80® The corresponding overall electron transfer rates in
Rb. sphaeroides RCs are 3 ps and 1.5 ps at room temperature and 77K,
respectively, when a single time constant is asstféd! though more detailed
studies make it clear that the reaction is really kinetically hetesmyss. For
example, using two components to describe the kinetics results in components of
roughly 2 and 10-ps with the 10 ps component having a 10-20 percent amplitude
at room temperatut&. In Rb. sphaeroides, the kinetic heterogeneity appears to
decrease with decreasing temperature, so that at 10 K, the reaction islgssent
single exponential. Kirmaier et al. have investigaté@,Pformation kinetics
and determined the time constant to be 365+19 @$. iaurantiacus, which is
slower than that found iRb. sphaeroides RCs (~200 ps}2 Volk et al. analyzed
the PHa™ charge recombination process and determined that the energy gap
between the P* state and thidHR™ state inCf. aurantiacus RCs is about 0.04 eV

less than that ifRb. sphaeroides RCs**. Recent studies by Collins et al. on
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reaction centers fromRoseiflexus castenholzi, an organism closely related @b.
aurantiacus, have produced generally similar restits

In this study, we measured the temperature dependent electron transfer
kinetics ofCf. aurantiacus RCs in detail over a wide temperature range (10 K ~
294 K). The results were compared with thosBlmfsphaeroides RCs, which
contains the same cofactors in the electron transfer chain but a protein

environment evolved for mesophilic rather than thermophilic function.

Materials and Methods

Sample Preparation. Qa-containing RCs off. aurantiacus were prepared using a

protocol previously describ&. To remove quinones, isolated RCs were loaded
on a Q-sepharose HP 5 mL column and washed extensively with 1L of 0.2%
Triton X-100 (reduced form) in 20 mM Tris-HCI buffer (pH 8.0) until the
absorbance (260~960 nm) returned to its baseline value. This concentration of
Triton X-100 is sufficient to remove quinones in more than 99% of the
Chloroflexus RCs. The quinone-depleted RCs were then eluted in the same buffer
plus 100 mM NaCl. The peak fractions contained RCs witg dxeater than 10

in a 1-cm cuvette. The resulting samples were diluted with 0.1% LDAO in Tris
buffer (20mM, pH8.0) to a final OD of 0.6 at 860 nm in the 1.2 mm optical path-
length measuring cell.

Spectroscopic measurements. Femtosecond transient absorption spectroscopy was

carried out using a pump-probe setup described previu8lyLaser pulses
were generated at a repetition rate of 1 kHz with 130 fs duration at 800 nm using
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a regenerative amplifier system based on a Titanium:Sapphire laden(ié,
Tsunami, Spitfire, Spectra-Physics Lasers). Part of the beam wa® ymedp

an infrared optical paramagnetic amplifier (OPA-800, Spectra-F)ysic

generate excitation pulses at 860 nm and the other part was focused on a sapphire
plate to generate a white light continuum that was used as the probe light.
Tryptophan kinetics were measured using excitation at 800 nm and 280 nm probe
pulses obtained via second harmonic generation using 560 nm pulses from the
OPA. After passing through the sample, the probe pulses were sent through a
monochromator (SP150, Action Res. Corp.) and detected by a photodiode
detector (Model 2032, New Focus Ind)me-resolved spectra were recorded by
scanning the monochromator over the desired wavelength region at a fixed time
delay

Kinetic data analysis. Both multiple exponential and stretched exponential

(Kohlrausch-Williams-Watts function) fitting methods were employsifit to

kinetic decay curves. The latter has been widely applied to characteripiegom
kinetic processes, especially for the analysis of time-dependent photastiaspe

and dielectric responses. The time-dependent, stretched exponential function has

two nonlinear parameters per component:

B

f(t)= e_@ ~ ]'Oe_; p(r)r

Here,t is the characteristic time constant in the relaxation distribution, and the
index, B, is associated with the width of the distribution, or the variety of the

relaxation processes.fifequals ~1, the decay process distribution approaches a
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Dirac function and the decay recovers to a single exponential relaxation.pwhen
decreases, the relaxation process distribution becomes broader and the average
lifetime produced by such a distribution is

<7 >=fr-T(B)
whereT’() is the gamma function. To extend its application to the simultaneous

relaxation of multiple processes, the sum of several stretched-exponestidle

used:

f (t) — Z Ae_[ftl]

Applvying the Reaction Diffusion model to describe Cf. aurantiacus kinetics.

The kinetics of initial electron transfer in reaction centerRofphaeroides have
previously been successfully modeled using a reaction diffusion formalism, as
previously described in réf and in the supporting information. For the
calculations described here, the electronic coupling strength (J) wasedssube

the same in reaction centers from the two species, and the driving force end tim
dependent diffusion term were determined from experimental data, as described

below.

Results

Initial electron transfer processes and tryptophan absorption kinetis in Cf.

aurantiacus RCs at room temperature
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For the temperature-dependent studies described below, it was necessary
to remove Q from theCf. aurantiacus RCs. These two samples, thg-Q
containing and the Qdepleted RCs, were compared both spectrally and
kinetically to ensure that there were no major changes in the initigiloresc
simply due to quinone removal. Both the early time kinetics and spectra were
essentially identical, with the initial electron transfer reaction ocaum both
cases with biexponential kinetics involving a roughly 3 ps and 10 ps component
(Supplemental data, Figure Sla, S2). Similar kinetics is observed ir the Q
region of the spectrum, monitoring the ground-state bleaching ahH the
formation of H~ at 540 and 660 nm, respectively (Supplemental data, Figure
S3a,b). This is consistent with previous measurements of quinone-containing
RCs ofCf. aurantiacus™ ***. As expected, removing Qloes not strongly affect
either the spectra or the kinetics of initial electron transfer indigdtiat quinone
binding/removal has only a minor influence on the environment of P, as has been
seen previously iRRb. sphaeroides RCs>% 13" 1% |n quinone-containing RCs
from Cf. aurantiacus, the state BH,” decays in about 300 ps at room temperature
as the electron is transferred from té Qu, in agreement with previous restifts
Upon removal of the quinone, as expettédhe PH4™ lifetime lengthens,
decaying on the nanosecond time scale (data not shown).

Previously, the transient absorbance signal from tryptophan has been used
to monitor the general kinetics of protein motion in the vicinity of the electron
transfer reaction iRb. sphaeroides RC$°. A key issue in this work is to
understand if the distribution of protein dynamics differs in the thermop@Giilic
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aurantiacus RC. The change of the tryptophan absorption signal was measured at
280 nm upon special pair excitation, as was done previouBly. isphaeroides

RCs. The induced absorption signal near 280 nRbirsphaeroides RCs appears

to originate, at least in part, from tryptophans W156(L) and W185(M), which are
symmetrically arranged about 7~9 angstroms from the magnesium certtezs of
BChls forming P. Alignment betwed®b. sphaeroides and Cf. aurantiacus RC
sequences shows that W196(L) and W174(MJfiraurantiacus are analogous to
W156(L) and W185(M) irRb. sphaeroides RCs*?’, which suggests that these two
conserved tryptophans may also serve as probes in measuring the protein
dynamics inCf. aurantiacus RC$2. The tryptophan absorbance kinetic changes
from Qa -depletedCf. aurantiacus RCs are compared with those from Q
depletedRb. sphaeroides RCs over 350 ps in Figure 2. The protein relaxation in
Qa-depletedCf. aurantiacus RCs appears to have a larger amplitude contribution
from the slow component than what is observeldlnsphaeroides RCs during

the first 50 ps. Thus, the overall decay rate of the tryptophan absorbance change
is slower inCf. aurantiacus than inRb. sphaeroides, even though the actual time
constant of the slow component in Cf. aurantiacus is shorter than &iat in
sphaeroides RCs. Previous resonance Raman measurements by Cherepy et al.
showed a frequency downshift in the low-frequency (29-108)eegion of the
special pair irCf. aurantiacus RCs as compared witRb. sphaeroides RCs>°.

The small frequency downshift can be interpreted as porphyrin ring core size

expansion due to an increase in the low-frequency anharmonic vibrations of the
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n’L40, 141,.

protei which is consistent with the observation of the increased weight of

the slow protein diffusion kinetic components in €feaurantiacus RC.

1.0 .. - Rb. sphaeroides RC
Cf. aurantiacus RC

0 50 100 150 200 250 300 350
Delay time (ps)

Figure 2. Room temperature tryptophan absorption change kinetics probed at 280
nm. Red open circles represent-@epletedrb. sphaeroides RCs and blue open
circles represent QdepletedCf. aurantiacus RCs. Smooth curves are the results
of a three-exponential fit.
Temperature dependence of the initial electron transfer irCf. aurantiacus vs.
Rb. sphaeroides RCs

The only transient absorption study of the temperature dependent kinetics
of initial electron transfer i€f. aurantiacus RCs was performed in 1991 using
Qa-containing RCs embedded in polyvinyl alcohol films between 80 and 320

K128 A 10 Hz laser was used to avoid the accumulation of closed reaction centers

in the sample and excitation was at 605 nm. At that time, it was not possible to
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excite P directly in the near IR and the time resolution of the instrument was
limited to about a picosecond. The P* decay kinetics at room temperature (296K),
when fit to a single exponential decay term, gave a lifetime of 7.1 ps. At 320K,
the single exponential lifetime increased slightly to 9.0 ps. The kinetics radasur
over most of the temperature range were clearly heterogeneous, with
biexponential fits at 80 K giving lifetimes of about 2 and 23 ps. Stretched-
exponential fitting of the decay as a function of temperature suggested that above
200 K, the kinetics approached single exponential. The only temperature-
dependent studies performed below 80 K used the fluorescence decay to estimate
the electron transfer kineti@é. In this case, the RCs were in the statg PQ
generated by white light illumination in the presence of an electron donor to re-
reduce P. The measurements under these conditions gave much longer times for
P* decay, with two time constants of 20 ps and 300 ps, possessing a 1:1 amplitude
ratio and exhibiting a very weak temperature dependence over the measured
range.

In order to better understand the temperature dependent kinetics of
electron transfer i€f. aurantiacus, and be able to compare it in detail to that of
Rb. sphaeroides, transient absorbance measurements of quinone-depleted reaction
centers were performed between 10 and 294K exciting directly intoytbari
of P at 860 nm. Current ultrafast spectroscopic equipment not only allows direct
excitation of P, but provides a much higher time resolution and much greater

signal-to-noise ratios using much lower excitation energy. Figure 3 shew’t
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stimulated emission decay kinetics at 930 nm on a 40-ps time scale at selected

temperatures.
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Figure 3. Temperature dependence of the P* decay kinetiC$. surantiacus

RC over the first 40 ps, probed at 930 nm (signal is inverted for clarity).

The solid lines result from two-exponential fits of the data (discussed in the
following paragraph). The P* kinetics ofédepletedRb. sphaeroides RCs were

also measured using the same protocol (see belowLfFaurantiacus RCs, at

least two exponential components and a non-decaying component are required to
describe the kinetics at early times (<40 ps) over the entire temperaigee ra
measured. This model provides a qualitatively accurate kinetic picture during the

first 40 ps and will be used to compare the kinetioSfoéurantiacus vs. Rb.
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sphaeroides reaction centers at early times as a function of temperature.
However, measurements over longer time periods clearly show more complex

kinetic heterogeneity that is best described with the sum of two stretched

exponentials.
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Figure 4. Decay lifetimes and relative amplitudes of P* decay kinetics as a
function of temperature, obtained from fitting over the first 40 ps kinetics using 2
exponential components and a non-decaying term. Decay lifetimes of the A) fast
and B) slow components as a function of temperature. Red repr€§ents
aurantiacus RCs, blue represenib. sphaeroides RCs. The amplitude of each
component as a function of temperature O )Jaurantiacus RCs. D),Rb.

sphaeroides RCs. The experiments have been repeated three times for each
(represented by square, triangle, and circle symbols respectively).
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In the following analyses the results from fits using two exponential components
plus a non-decaying term (based on 40-ps kinetics traces) will first bejeebse

as this allows a simple way of understanding the overall temperature depgendenc

of the early time kinetics. Then, the results from using a two-component
stretched-exponential fit (based on 350-ps kinetics traces) will be atalyhes

provides a means of understanding the temperature and species dependence of the
kinetic heterogeneity, as tifeterm is a measure of the width in the distribution of
kinetic components.

Figure 4A and B show P* decay lifetimes as a function of temperature,
obtained from a fit with two exponential decay components and a non-decaying
term for Q-depleted RCs of bot@f. aurantiacus andRb. sphaeroides. At all
temperatures, the fast-decaying lifetime@raurantiacus RCs is between 1 and
2 ps (3 ps in buffer without cyroprotectant at room temperature), while the slow
lifetime varies between 10 and 15 ps. The fast-decay time constant gradually
increases as the temperature is raised from 10 K to about 220 K, then a steeper
increase occurs at 220 K. The slow-decay time constant does not show significant
change in the 10 K to 220 K region before a sharp increase occurs at 220 K.
Similar shifts in the electron transfer rate constants ocdwi.igphaeroides RCs,
most clearly in the longer component lifetime, at around 160 K. The temperature
range at which a sharp rate change takes place is similar to other studies tha
investigate the temperature dependence of the atomic mean square digglaceme

g

in protein and polymer systefft referred to as the dynamic transition

temperature or the dynamic crossover temperature. The current view on this
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phenomenon is that it is related to the beta-relaxation processes of the protein
hydration layef*>, and a phenomenological explanation is an abrupt increase in
the protein conformational entropy with increasing temperature, where the
molecular collective motion converts from harmonic to anharmonic, mostly
driven by the solvent interactions. Many thermodynamic quantities will
correspondingly experience a transition at this temperature (e.g., reatgaral
energy*?.

Figure 4C and D compare the relative amplitudes of each kinetic
component of the two samples and their temperature dependence. The amplitude
of the fast component froRb. sphaeroides RCs dominates at all temperatures
below 250 K and shows little temperature dependence. The amplitude ratio of the
fast to slow components decreased from 7.8:1 at low temperatures to 2.5:1 at
room temperature. A similar bi-exponential decay of P* kinetics has been
observed in RCs from other species of purple badtéfid In Cf. aurantiacus
RCs, the contribution from the slow component at all temperatures is significantly
higher than that observed Rb. sphaeroides. The amplitude ratio between the fast
and slow components decreases from 1.75:1 to 0.7:1 as the temperature increases
from 10 K to 295 K, crossing 1 at around 250 K. The amplitudes of the kinetic
components are not extremely temperature dependent.

As mentioned above, at low temperatures, the non-exponential character
of the P* kinetics is particularly pronouncedGCh aurantiacus RCs, with obvious
decay kinetics extending beyond the 40 ps range. In the double-exponential
analyses above, this long-lived component was treated as a non-decaying
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component and accounted for 10-15% of the overall amplitude. A two-
component, stretched-exponential function allows the long decay components to
be incorporated into the stretch index parameter for explicit consideration. We
applied this method to the analysis of P* kinetic€inaurantiacus RCs over a

350 ps time window. Figure 5 shows the variation of the stretched-exponential
parameters with temperature. The stretch in@gxf(the fast component (Figure
5A), starts near 0.8 at room temperature and gradually approaching 1 at
temperatures below 90 K, suggesting that this fast decay process caiybe fair
well-described by a single relaxation process at all temperatudes @early pure
single exponential process at very low temperature. The narrowing in the kineti
distribution below 90 K is likely due to a limited protein nuclear diffusion along
the electron transfer reaction coordinate on the ps time scale (average lifet

is 1~2 ps). For such short time periods, the protein motion is dominated by high-
frequency covalent bond vibration and hydrogen bond fluctuation, leading to a
guasi-harmonic coupling between these motions and the electron transfer reaction.
In contrast, the slow component is more dispersive. Sindg paeameters of

both the fast and the slow stretched exponentials approach 1 at room temperature,
it may be reasonable to model the room temperature electron transfex bate a
exponential. However, the stretch index of the slow component drops from 0.76
(at room temperature) to 0.5 (at 10 K), suggesting an increasingly dispersive
lifetime distribution with decreasing temperature. The dispersive naittine

kinetics may be associated with conformational trapping at low temperatudes, a

more long-lived P* relaxation processes.
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Figure 5. Two-component stretched-exponential fit performed on the 350 ps P*
decay kinetics traces @ff. aurantiacus RCs measured at all temperatures. A)

Stretched-exponential indicegy, as a function of temperature. B) The average

lifetime constants, >, calculated using the formula described in Material and
Methods.
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Discussion
Temperature-dependent kinetics in RCs fromCf. aurantiacus and Rb.
sphaeroides

While there are substantial structural and functional similaritiesdsgtw
the RCs ofCf. aurantiacus andRb. sphaeroides, there are clearly detailed
differences in the spectrum and the charge separation process. Perhaps$ the mos
obvious structural difference is that thg &factor inRb. sphaeroides is replaced
with a bacteriopheophytin i@f. aurantiacus. However, the cofactor swap is
clearly not the whole story, and may not be the most important difference
functionally. This can be seen by consideringRhesphaeroides mutant
M182HL in which Bs has been replaced with a bacteriopheophytin, resulting in
the same cofactor composition ahaurantiacus™. Interestingly, the ground
state absorbance spectra of the M182HL mutant andftlaerrantiacus RC are
quite different. The Qabsorption band of the newly-introduced BPheo in the
M182HL mutant is located at 785 nm, close to the accessory BChl absorption,
while in Cf. aurantiacus RCs, the Qabsorption band of all three BPheo cofactors
peak near 756 nm. At room temperature, 35% of the electron transfer occurs
along the B-branch in the M182HL mutant, while electron transféf.in
aurantiacus RCs apparently occurs almost exclusively along the A-branch at all
temperatures®. All of these phenomena suggest that the detailed protein
environment is functionally quite different between the two organisms. Recently,
Pudlak and his coworkers used a five-site kinetic model to numerically simulate
the electron transfer behavior of two branches betWRbeSphaeroides andCf.
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aurantiacus RCs>2 The results suggest different mechanism of the unidirectional
electron transfer exists in two organisms.

The temperature-dependence of the electron transfer kinefbs in
sphaeroides RCsandCf. aurantiacus RCs differs in several ways. A
biexponential analysis of the early time data (tens of picoseconds) showstthat
RCs have a fast component lifetime of 1-3 picoseconds and then a longer lifetime
in the 4-15 ps range depending on the species and the temperature (Fig. 4). The
electron transfer is, overall, fasterRh. sphaeroides RCs than irCf. aurantiacus
at any temperature. This is becausBlnsphaeroides the contribution from the
fast component dominates the overall electron transfer kinetics. In cotiteast,
amplitudes of the fast and slow decay componen.iaurantiacus RCs are
more comparable at all temperatures and the slow component actually dominates
near physiological temperature. The temperature at which there igpackhage
in the kinetics of electron transfer also differs betwidlersphaeroides andCf.
aurantiacus RCs. This transition occurs at a higher temperature (~220 K for both
the fast and the slow components) @raurantiacus RCs than it does iRb.
sphaeroides RCs (~150 K for the slow component and a less obvious transition
between 100 and 150 K for the fast component).

It has been known for many years tRht sphaeroides RCs undergo
protein conformational changes associated with charge separation and that some
of those changes depend strongly on temperatute with the most pronounced
changes occurring near 150 K. In addition, resonance Raman spectroscopy has
indicated relatively sharp changes in specific vibrational modes in arsimila
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temperature rand® **® The temperature dependence of electron transfw.in
viridis andRb. capsulatus RCs (both mesophillic organisms) indicates a transition
temperature very similar to that seerRim sphaeroides *48 17 18

Multiple types of protein-protein and protein cofactors interactions may be
involved in controling the transition temperature in the electron transfer kinetics
A comparison between the RC amino acid sequences of the two species suggests
thatCf. aurantiacus RCs may have fewer hydrogen bonding interactions with
their cofactors than dgb. sphaeroides RCs. In particular, glutamic acid L104
which hydrogen bonds toA-ind histidine L168 which forms a hydrogen bond
with Pa in Rb. sphaeroides are glutamine and phenylalanine, respectivelgfin
aurantiacus. The vibrational relaxation properties of B@hh solution
apparently depend on the hydrogen-bonding capability of the sbiyemain
consistent with the idea that specific hydrogen bonds may affect the vibrational
coupling associated with BChlon the nanosecond time scale and further change
its temperature dependent behavior. In addition to specific protein/cofactor
interactions, temperature dependent changes in the dielectric nature aitéire pr
environment can affect the overall electron transfer kinetics. Recentutaolec
dynamics simulations of tHeb. sphaeroides RC, as well as the small electron
carrier plastocyanin, have suggested that the dynamic columbic interactions
between proteins and local solvent molecules on the protein surface may play an
important role in determining temperature dependent changes in the dynamic

behavior of the protein and its immediate solvent shell transiffor&
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Table 1. Amino acid compositions from various reaction centers, statistics are
assembled by ProtParam module from ExXPASy proteomics server.

€. | Ro. | Rhodoseu| Rb.
auranti .
acUS J- sphaeroid dompqas. capsulatu
10l es2.4.1 viridis | sSB 1003
RC RC RC RC
Number of
Positively o 14 16 14
charged
residues (+)
Number of
L Negatively 20 14 14 13
branc charged
h residues (-)
Aliphatic index | 85.27 102.45 97.88 93.05
Grand
Average of 0.286 0.586 0.468 0.551
Hydropathy
Number of
Positively 18 17 19 20
charged
residues (+)
Number of
M Negatively 15 14 18 14
branc charged
h residues (-)
Aliphatic index | 91.27 94.45 88.61 90.00
Grand
Average of 0.333 0.436 0.342 0.394
Hydropathy

The amino acid composition @f. aurantiacus RCsis compared with
three RCs from purple bacteria in Table 1. Generally speakinGfthe
aurantiacus RCs contain more charged residues and fewer aliphatic residues,
especially in the L subunit. Sequence alignment (http://blast.ncbi.nlm.nih.gov/)
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and structural comparison indicate that 10 out of the 14 non-charged-to-charged
residue changes froRb. sphaeroidesto Cf. aurantiacus RCs in the L-subunit are
located at the periplasmic membrane surface. These charged residussmphgsu
form ion pairs and optimize the surface electrostatic interactions (both
protein/protein and protein/solvent) to stabilize the structure at high temperature
as has been seen in other thermophilic prot&irBipole reorientation at the
protein-water interface appears to be a critical factor in inducing theipr

structural fluctuation, especially at higher temperatfeShe non-decaying
component that results from a double exponential analy<efs aurantiacus RC
kinetics has a life time of 100~200 ps, which is comparable to the bulk protein
electrostatic relaxation lifetime that has been estimateldidasphaeroides

RCs®, This is also consistent with the observation of a more distinct temperature
transition for the slow component from a two exponential analysis (Fig. 4b). The
effect of dynamics at the protein-water interface is necessesgyon the

picosecond time scale, as this is too fast for most collective protein motions, but
the temperature-dependent transition in the kinetics is still apparent. lioaddit

the protein surface differences betw&#naurantiacus andRb. sphaeroides RCs
discussed above, the lack of an H-subun@firaurantiacus RCs may also result

in more direct exposure of protein surfaces to water in comparisomivith

sphaeroides RCs, increasing solvent associated effects.
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Using the reaction diffusion model to explore electron transfer paraeters at
room temperature

In Rb. sphaeroides RCs, it has been previously shown that the detailed
electron transfer kinetics can be accurately represented usingtiamehffusion
model in which protein dynamics controls the rate of electron tr&nsfehnis
model contains several important parameters including the electronic coupling
the driving force, the time dependent conformational diffusion, and fast and slow
reorganization energy. The surprising thing about the application of this model to
Rb. sphaeroides RCs is that it was possible to describe the complex and widely
varying kinetics of a large number of mutants that specifically changed the
driving force for electron transfer by varying only that parametevdsest
mutants.

One question is whether that analysis can be extendgfddarantiacus
RCs and if so, which parameters will change and which will remain the same.
Two of the parameters can be obtained from experimental data. Volk and
coworkers used magnetic field dependent reaction yield measurements téeestima
the standard free energy gap between P* dhti For the RCs of botlRb.
sphaeroides andCf. aurantiacus. They found that the driving force fO¥f.
aurantiacus RCs was 0.04eV lower than thatRif. sphaeroides RC$*3 Thus,
for the analysis below, the driving force fof. aurantiacus RCs will similarly be
set 0.04 eV below the value previously determined in mod&ingphaeroides

RCs (0.197 eV). In addition, the measured Trp deca@ffaurantiacus RCs
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(Figure 2) will be used to derive the time dependent diffusion term, as described

previously®. All other parameters will be held as they werRbnsphaeroides.

1.0- O P*decay at 930 nm (294 K)
T Numerical fit from Reaction-Diffusion model
0.84
- 1
>
S 06
N J
()]
O 0.44
< |
0.24
0.0+
) v ) v ) v ) v )

0O 20 40 60 80 100
Time (ps)

Figure 6. A fit of the P* decay inCf. aurantiacus reaction centers monitored at
930 nm (circle) using the reaction diffusion mddelAll of the parameters used
in the fit were either experimentally derived from independesdsurements or
taken from the fitting parameters previously determinedrinrsphaeroides (see
Methods).

Fixing these two parameters at their measured values and changing
nothing else results in essentially perfect simulation of the room tempeCature
aurantiacus kinetics for the first 100 ps (Figure. 6). One might have expected that
the reorganization energies associated Witlaurantiacus RC initial electron
transfer would have been substantially different from tho$#odphaeroides.

However, comparisons between them in thedbsorbance oscillatory spectra at

90 K*** and also the resonance Raman spectra at room temperatave
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suggested that distribution of intramolecular motions that likely contribubeto t
reorganization energy on this time scale are actually quite similaeéetthe two
organisms. In practice, the two reorganization energies can be varied by about

0.02 eV before the fit deviates significantly from the data.

Supporting Information

Figure S1-S3 provide additional spectroscopic data fec@taining and @
depletedCf. aurantiacus RCs. A mathematical form of the reaction-diffusion

model for electron transfer is also provided.
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Supplemental Data
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Figure S1.Transient absorption spectra of-Qontaining and @-depleted RCs,

from Cf.aurantiacus, recorded at (A) 20 ps and (B) 2 ns after laser excitation at

860 nm.
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Figure S2.Kinetics of stimulated emission from P* at 930 nm; measured at room
temperature (294 K). Blue open circles represenat@ntainingCf. aurantiacus

RCs and red open circles represegtd@pletedCf. aurantiacus RCs. The solid

lines are the fitting curves obtained from three exponential fitting. The inset

shows the kinetics of the first 10 ps after laser excitation.

116



(A) 540 nm

15
1.0+
S 0.5
L)
) 0 10 20 30 40 50 60
0.0
2
-0.54
1.0 .O Q:—depleted RC
1 10 100 1000
Time (ps)
(B) 660 nm
5
S
5
< 0.2 02 1o 20 30 40 80 60
0.04¢ Q,-containing RC
o Q,-depleted RC
-0.2 ———— e ——
1 10 100 1000

Time (ps)

Figure S3(A) Absorption change kinetics of bacteriopheophytin,(540 nm)
and (B) its anion state @ 660 nm); Insets are the early time kinetics plotted in a
linear time scale. Color scheme: blue representsddtainingCf. aurantiacus
RCs, red representsy@epletedCf. aurantiacus RCs. The solid lines are the
fitting curves given by three exponential components.
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CHAPTER 3

Electron transfer pathway modulated by protein dielectric relaxation

Introduction

In Marcus’s treatment of electron trandférthe free energy required to drive

charge separation between the donor and acceptor is modeled in terms of charge
polarization, using the amount of polarized charge as the reaction coordinate. One
important parameter in this model, as well as in all dielectric continuum models

is the dielectric constant. Originally, the response of the system wdsdlivito

its nuclear and electronic terms, and the dielectric constant was acbprding
separated into an optical dielectric constgnithe high frequency limit,

corresponding to electronic polarization), and static dielectric corstéhe low
frequency limit, corresponding to nuclear polarization). For most electrondransf
processes in condensed phase being considered, such homogenous dielectric
continuum model is not enough because many length scale dependent time scales
are involved in the nuclear motifi In a dynamic arresting picture, the electron
transfer rate sets a high frequency cut-off limit and defines the freguwandow

for selecting the nuclear motion that are involved. The frequency dependence of
the dielectric response is important because it determines which non-ergodic
region the reaction is going to enter.

Electron transfer in proteins is different from that of soluble donor/acceptor

systems, in that the charge distribution is spatially constrained, or in other, words
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the translational and rotational motions of reactants are greatly confjiribd b
protein structure compared with molecules free in solution. This structural
constraint results in a relatively long memory in the dielectric rétax&inetics
which can give rise to complex reaction kinetics. For those nuclear motions that
are both coupled to electron transfer and occur on a similar time scale, their
kinetic distribution in the frequency domain becomes an important aspect of any
model that hopes to accurately describe the electron transfer dynanacs. Th
primary electron transfer reaction in the photosynthetic reaction center has
become a paradigm for protein mediated charge separation. This reaction has
been successfully described using the reaction-diffusion model (as a function of
mutationally altered driving force and of temperature), using a measurement
the dielectric relaxation dynamics as iffut’’

Though it may seem somewhat counter intuitive, the primary electron
transfer is probably the simplest of the reaction center mediated eleatiefetr
reactions in which to explore and model the role of protein dynamics. This is
because on the picosecond time scale, relatively little moves, and what does are
small scale motions that are likely relatively homogeneous. The ele@nsfietr
in the photosynthetic reaction center occurs on slower time scales asrwell. |
addition to the ~3 ps in P5P'H,™ primary charge separation, there is the
secondary electron transfer ta @ hundreds of picoseconds, transfer between
the quinones in microseconds and various charge recombination reaction that

takes place from charge separated intermediates on time scales fi@sectnds
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to seconds. On time scales longer that picoseconds, larger scale and dyructural
heterogeneous dynamics come into play.

The protein dielectric response function has biologically evolved to
optimize both the initial electron transfer from P* vid8F forming PHa™ and
the subsequent transfer formingQR". Simultaneously, charge recombination,
which competes with forward electron transfer at each step, must be avoided. This
study focuses on the protein environment of the monomber bacteriochlorophyll
Ba and the bacteriopheophytinHooth of which play multiple roles in the
electron transfer process on timescales from picoseconds to hundreds of
picoseconds. Kaccepts an electron viaBluring primary electron transfer and
then either donates the electron to the next electron acceptorréturns it to P,
presumably again viaBregenerating the ground state. The overall time
constants for the J3— Qa electron transfer and théHP, /PHa recombination are
200 ps and 10~15 ns, respectively, in wild type RCs, though charge
recombination has been shown to have components on faster time scale€as well
%8 The environment of Band H. must be optimized for both reactions. This
balance is presumably sensitive to both static and dynamic aspects of the
dielectric environment. Of course, what is static on one time scale is dyoamic
another, and this opens up possibilities for tuning reactions on different time
scales by controlling the dynamics of the protein in the immediate vicinity

The dielectric environment of a protein, on a phenomenological level, is
influenced by the distribution and nature of charged groups within the structure.
The dynamic response of the protein during electron transfer depends both on
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where charges and other polar groups are placed and on the effective time-
dependent dielectric constant. It is possible to use site-directed mutagenesis
localize a charge at a specific site within a protein. Such an additional charge
should make the local environment more polarizable and increase the effective
dielectric constant compared with the wide type.

Here, the effect of varying the dielectric environment in the regiomnof B
and H, is explored by replacing tyrosine at position M210 with an aspartic acid,
thus potentially altering both the static and dynamic dielectric natuhe of
environment. Three different electron transfer reactions, primary elechrsidr
forming PHa", charge recombination from IRs™ to the ground state and forward

electron transfer from Hto Qa, are monitored, all on different time scales.

Materials and Methods

Two new mutants at M210 site were prepared by replacing the original condon
(TAC) for tyrosine with GCA (Ala) and GAT (Asp) respectively. The
mutagenesis was performed as previously des¢fib&ICs were grown and
isolated according to previously described proced{ftésor mutants that are not
involved in pH dependence study, those samples were suspended in 50 mM Tris-
HCI (pH=8.0), 0.025% LDAO, 1 mM EDTA. In the pH dependence study, the
wild type RC and its M210YD mutant were transfer to a higher pH environment
(pH=9.5) by doing a buffer exchange, a pH=9.5 CLE buffer was used, and more
details have been described in earlier publicatidnEhe quinone removal was
routinely performed by continuously eluting the sample with high concentration
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LDAO detergent (4%) buffer with-phenanthroline. The final product absorption
does not show significant degradation judging from the relative intensity of the
major absorption peaks. In quinone containing RCs, 1apWienanthroline was
added to block the electron transfer t9 dpring transient absorption
spectroscopy experiments.

Transient absorption spectroscopy measurements were performed with a
pump-probe setup. Laser pulses were generated at a repetition rate of XtkHz wi
130 fs duration at 800 nm using a regenerative amplifier system based on a
Titanium:Sapphire laser. Part of the beam was used to pump an infrared optical
parameter amplifier (OPA-800, Spectra-Physics) to generaitatexe pulse at
860 nm, and the other part was focus to a 3-mm sapphire plate. The white light
generated was then compressed by prism pairs (CVI) before passinmgie.sa
The polarization of pump beam was set to the magic angle (54.7°) relative to the
probe beam. The white light probe is dispersed by a spectrograph (300 line
grating) on a charge-coupled device (CCD) camera (DU420, Andor Tech.). The
final spectral resolution is about 2.3 nm for a nearly 300 nm spectral coverage in
either the Qx (480~780 nm) or the Qy (680~980 nm) region. For the
measurement of B transient absorption, 600-line grating was used, which
provides a 1.2 nm spectral resolution in the 980~1040 nm region.

The time-resolved spectra were analyzed either with a locally mgttbal
analysis program (ASUFIT 3.1,

http://www.public.asu.edu/~laserweb/asufit/asufit.Ntfat global analysis, or a

program from Ivo M Stokkum that solves the sequential models (Glotaran,

122



http://glotaran.org/ To estimate of the protonation state of the aspartic acid in

M210 site, the Multi-Conformation Continuum Electrostatics (MCCE) method
was uset? 3 The crystal structure used for this study is taken from the PDB
data bank, PDB id 1AlJ. Tha silico mutagenesis was performed in Pymol
followed by structural relaxation in the MCCE program. All the titratgbdeips

that were 4 Angstroms within the M210 “hot spot” were selected to generate 12
rotamers per rotatory degree of freedom for enhancing conformation sampling
consideration. The protein dielectric constant was set to 4.0 and 8.0 (two
conditions), and solvent dielectric constant was set to 80 with a 0.15 M salt

strength. DelpHi“was used as the Poisson-Boltzmann solver.

Results and Discussion

Measuring yield loss during charge separation

In wild type reaction centers, excitation of P results in the formatiohQ@{ fh

about 200 picoseconds via the series of reactions; P"Bx” — P'Ha™ — P'Qa),
where the first reaction has a rate of about 3 ps, the second about 1 ps and final
transfer to the quinone occurs in about 200 ps. At the same time, each of these
states has some intrinsic rate for returning to the ground state. Thus dhef yiel
charge separation at any particular point during this process depends on the
competition between forward electron transfer and decay to the ground state. |
wild type, at each step the forward reaction is usually taken to be 2-3 orders of
magnitude faster than the intrinsic decay rate of the intermediate invelded a
therefore the yield of charge separation is close to unity throughout the process.
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One can monitor this process in a number of ways, but one is to take advantage of
the fact that, once light is absorbed, P leaves its ground state and remains out of
its ground state throughout the process unless charge recombination occurs.
Figure 1a shows the time dependent absorbance changes in the vicinity of the
ground state band of P for wild type reaction centers. It is clear that thhibfgac

of the ground state absorbance centered at 860 nm overlaps both the time
dependent changes associated with thaml B bands near 800 nm and with the
broad stimulated emission band of P* that extends from about 850 nm to > 950
nm (Figure 1a). However, the blue side of the P ground state band in the 835-840
nm region seems to remain constant, at least during the initial reactiomse(Fig

1b), consistent with the near unity
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Figure 1 (a): Time-resolved spectra of the wild type RC in 680~960 nm spectral
regions at 1 ps (P*), 10 ps’#®), 3 ns and 6 ns (R4 after laser excitation at
860 nm. Arrows indicate the wavelengths where the kinetics were monitored in
the lower panels. Lower panels: The P ground state bleaching recovergskineti
for wild type RC (b) and two of its M210 mutants (M210YA (c) and M210YD
(d)) observed at 835~840 nm in a 6 ns probe window (shown in red, solid line for
fitting curve, up to three exponential components plus a non-decay component
was used). All samples were measured in pH=8.0 Tris/Hcl buffer. To illutteate
contribution of the intrinsic decay of P* to the early time quantum yield lost in the
two mutants, P* stimulated emission kinetics measured at 930 nm was rescaled so
that its bleaching maximum and the nanosecond decay kinetics match those of the
840 nm trace for comparison.

yield of charge separation in wild type (times after 200 ps will be discudsed la

In mutant reaction centers where the yield is reduced, the absorbance at this

wavelength decays with time.

M210YD mutant reaction centers undergo fast charge recombination

Figure 1c shows the results for M210YA in which a structurally important
tyrosine near B has been replaced with alanine. As a result, the rate of initial
electron transfer is decreased by about a factor of five in this mutainieedb
wild type, as measured by monitoring the decay kinetics of the stimulated

emission from P* at 930 nm. The initial electron transfer rate in M210YA is slow
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enough that it does not compete as effectively with the intrinsic decay of P* as
does forward electron transfer in wild type, and about 15% of the reaction centers
return to the ground state during the P* lifetime. The result is that therd ¥/a ~
decay at 835 nm (a recovery of P ground state) in concert with the decay at 930
nm (decay of P*) (Figure 1c). Based on this yield loss and the observed kinetics,
one can also estimate the intrinsic decay time of P* in this mutant to be roughly
100 ps (Table 1).

Table 1Decay lifetimes of the P* stimulated emission at 930 nm as well as the P
ground state bleaching at 840 nm; both fit with 1 and 2 exponentials, and the

quantum yield of the TM,™ state is estimated from ground state bleaching
recovery kinetics at 835~840 nm.

P ground P ground
P* lifetimes state state
P* lifetime and relative bleaching bleaching Quantum
Sample from 1- amplitudes recovery recovery yield of
P exponential from 2- life time fitting results P™HA
fitting exponential from 1- using 2- state
fitting exponential | exponentials
fitting
wild type 2.5 ps (70%) + 1000
0H=8.0 33PS | 54 ps (300%) 100%
wild type 2.7 ps (84%) + 1000
pH=9.5 32ps 9.4 ps (16%) 100%
6.6 ps (53%) + 7.1ps (30%) + o
M210YF 12.7 ps 25.5 ps (47%) 12.8 ps 16 ps (70%) 75%
9.4 ps (35%) + 19 ps (57%) +| -,
M210YW 35 ps 55 ps (65%) 40 ps 103 ps(43%) 75%
10.7 ps (26%)
0,
M210YA 17 ps 52'§ fl’s §3(56th>)/; 17.7 ps +20.8 ps ~85%
P 0 (74%)
M210YD 3.5 ps (57%) + 3.4 ps (34%) + 0
pH=8.0 74ps 17 ps(43%) 20 ps 33 ps (66%) | OO0
M210YD 4.2 ps (60%) 6.2 ps (36%) + 0
pH=9.5 82ps | 119.7ps@ow)| 23PS | 422ps (6a%)| B

The intrinsic lifetime of P* in wild type reaction centers is thought to be on the

order of two hundred picoseconds, though this value comes from similar analyses
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of other mutants with charge separation yields less than' (fffif§ the absolute

yield has not been measured directly in wild type on this time scale.

When aspartic acid is substituted for tyrosine at M210 (M210YD), a rather
different result is obtained. In this case, there is also some return of P to the
ground state due to yield loss on the tens of picosecond time scale, however, the
yield loss, as determined by monitoring P ground state recovery at 840 nm, does
not follow the course of the stimulated emission decay at 930 nm (Figure 1d and
Table 1). This implies that the observed yield loss does not simply result from an
intrinsic P* decay that competes with forward transfer. Instead, it is dtedina

by a recombination reaction that occurs after initial charge separationldin w

type reaction centers, the charge separated states are very stalddioretbcale,

but apparently the introduction of aspartic acid at M210 results in charge
recombination to the ground state that is rapid enough to compete with the
subsequent forward electron transfer, either frgmidBHa or from Ha to Qa.

In wild type reaction centers, the electron transfer fronmicBHa occurs with a

time constant of about 1 3¥s* Thus, it is unlikely that recombination is directly
competing with that rate on the tens of picoseconds timescale. Ind¢ed, H
formation in this mutant (8.0 ps at pH 8.0, measured at 670 nm as iff Rizfta

not shown) occurs on a time scale similar to P* decay (7.4 ps at pH 8.0, Table 1).
Thus, the yield loss must occur subsequent to the formatiorHaf Bnd

represents the competition between charge recombination from this state and
forward electron transfer to the quinone. Charge recombinatiofHg Bccurs

on the 10 ns timescale in wild type and very likely involves formatioriBf Ras
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an intermediat€® ¥ In fact in some mutants, the standard free energies of
P'Ba” and PHa™ are probably close enough so that the charge separated state
present at 10 ps is likely an equilibrium mixt#€® Apparently some aspect of

charge recombination is much faster in M210YD than in wild type.

The electron transfer reaction from Ha to Qa in M210YD

The time course of electron transfer betweghatd Q" can be determined by
monitoring the decay of the bacteriopheophytin anion. Two most prominent
signals associated with the\Hstate are due to the bleaching of the ground state
absorbance of Hat 545 nm and the broad\Habsorbance around 670 nm. The
results of global fitting across the 500 to 700 nm region for wild type and 4
different M210 mutants are summarized in Table 2. ThéoHD, electron

transfer rate constant appears to be very similar in M210YF, M210YW and
M210YA. In each case, theaHdecay kinetics are essentially single exponential
and rate constants for all of these mutants is 20% of the wild type value.
However, in the M210YD RCs, a substantially biphasic-H Ha decay is
observed (Table 2). The fast time constant is similar to wild type, and hagerela
amplitude of 60%. The remaining amplitude is due to a much longer decay
process with a time constant of 700-800 ps. Even though the kinetics is complex,
and part of the transfer fromaHo Qu is slow in M210YD, a comparison of these
kinetics to the ground state bleaching of P shows that long aftérald decayed,

P" still remains (Figure 1d). Judging from this, the yield @£ is relatively
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high, about 80% and in fact almost all the yield loss is on the tens of picosecond

timescale rather than due to the slow component of theoH, reaction.

Table 2Time constants and associated relative amplitudes of the fast and slow
component of lW/HA" kinetic decay, obtained from global analysis in the 500~700
nm region using a sum-of exponential fitting.

RC Sample Fast component Slow component

wild type (pH=8.0) 240 ps [100%] N.A.
wild type (pH=9.5) 214 ps [100%)] N.A.
M210YF 206 ps [100%] N.A.
M210YW 252 ps [100%] N.A
M210YA 262 ps [100%] N.A.

M210YD pH=9.5 178 ps [60%)] 717 ps [40%]

M210YD pH=8.0 270 ps [60%] 840 ps [40%]

Thus there are two aspects of M210YD that are distinctly different from viaéd ty
and other mutants at this position. There is recombination happening on the tens
of picoseconds time scale and there is a fraction of tHg Btate that does not
undergo forward electron transfer on the 200 ps time scale, but instead takes

several times longer. The mechanisms of these two processes aredezplove

Dielectric relaxation around Ba could facilitate early time charge
recombination

Charge recombination from'Ra” has been effectively described in terms of an
activated decay via'Ba™2® 2" 168 179. 18418p a5t measurements of the P* decay
time as a function of driving force for initial electron tran$féf® '8/ suggest

that in M210YD reaction centers (7~8 ps P* decay time), the'Bj/Free
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energy gap is decreased from wild type by no more than 30 meV. As in wild type,
P'Ba” is not accumulated during the reaction implying that electron transfer from
Ba to Ha is much faster than the initial charge separation from P*. hhenibn
absorbance changes appear with a time constant that is essentialijeressthe
P* decay. Thus, it does not appear that on the time scale of the initial electron
transfer reaction, the relative free energies of PBAP and PHA™ in the
M210YD mutant are very different from wild type. However, this conclusion is
difficult to reconcile with the observation of " recombination on the tens of
picoseconds time scale. Such an unusually rapid recombination would suggest
that PHa” and PB4 are very close in free energy, allowing a rapid decay of the
equilibrated state via'Ba™ recombination.

One possibility is that the relative free energy difference betwigyi P
and PH,™ decreases rapidly in M210YD reaction centers after charge separati
forming PHa™ is complete. As a result, the free energies of these two states are
much closer together on the ten picosecond time scale than they were on the
picosecond time scale. This in turn allows rapid charge recombinatioi\Bsa P
If true, this makes a prediction: it should be possible to observe a longer-lived
population of PB5"in M210YD in pseudo-equilibrium with"Pis".
Absorption changes near 1025 nm have been used successfully to characterize the
transient population of 8 on sub-picosecond time scdfésTransient
absorbance spectra in M210YD and wild type were recorded between 980~1040
nm over a broad time range, making it possible to follow processes from hundreds
of femtoseconds to 1 ns. The spectral evolution in this region is complex, and the
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absolute size of the signals of interest is small, making it difficult toviolhe

key states just by looking at the raw spectra. In order to facilitate ziatiah

and analysis, the spectral evolution was modeled as a series of states that
interconvert irreversibly (A>B—C—...). Obviously, in a situation where it is
expected that back reactions are important, these will not represent pigebstiate
they do give a clean way of presenting the spectral progression with tihoaitvit
imposing a more complex, ad hoc kinetic model. This type of analysis has been
referred to as Evolution Associated Difference Spectra (EADS

The number of states used in the EADS analyses in determined by the kinetic
complexity of the data. Over a very large time frame such as this (fous @fder
magnitude) it is not possible to represent the data accurately with less/éhan f
kinetic components. This is not surprising as in the reaction schemeRPB,

— P'HA” — P'Qa” there are three electron transfer steps, a well-documented sub-
picosecond evolution of P* and, at least in the M210YD mutant, kinetic
heterogeneity in the > Qa reaction. The application of such an analysis to
wild type reaction centers (Figures 2a and 2b) gives results consisteiat wit
similar analysis performed by Stokkum €f'aivhen one takes into account their
use of 800 nm excitation and the associated energy transfer. Of particular note,
wild type shows a spectral species with a lifetime of about 0.9 ps with an EADS
spectrum that peaks near 1025 nm (Figure 2a). This is consistent BjifraRd

as would be expected for a state that decays faster than it is formed,vas it ne

makes up more than a 10-15% of the population (Figure 2b).
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Figure 2 Left panels, graph a, c): EADS from a global analysis using a sequential
model in the 980~1040 nm region upon 860 nm excitation of the wild type and
M210YD RC (both in pH=8.0 Tris/Hcl buffer) in a 1 ns time windows. Right
Panels, graph b, d): The normalized population evolution with time of each
species assumed in the sequential model. For clarity, the amplitudes of tise EAD
for the 200 fs and 0.9 ps (0.8 ps for M210YD) states are divided by 5 (10 in
M210YD). e) EADS associated with théBR" state normalized to their maxima,
showing. a dynamic band blue shift in the M210YD RC (0.8 ps and 24 ps states)
in relative to that of the wild type RC (0.9 ps state), and as a function of time.
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When this analysis is applied to the M210YD mutant (the results for the other
M210 mutants described here are available in supporting infornfagen), the
progression of states that results is similar to wild type with two of it@pbor
differences (Figures 2c and 2d). First, the &sorption peak is blue-shifted in
the M210YD mutant relative to the wild type on the 0.8 — 0.9 ps time scale
(Figure 2e shows the normalized spectral changes for comparison). More
importantly, this blue shift continues until in the spectral species with a 24 ps
lifetime, it is 15~20 nm shifted relative to the 1025 nm peak found in wild type at
early times. Second, the 12 ps lifetime spectral species in wild type shows
essentially no B,” contribution. This EADS is flat and presumably due to broad
P" absorption. This is because on this time frame the electron in wild type is
localized almost entirely onAIn M210YD reaction centers, however, the 24 ps
spectral species still appears to containnasiynal that is about one fifth of the
amplitude it was in the 0.8 ps EADS (the spectra in figure 2e are normalized).
Equally importantly, while this B-containing signal decays in 24 ps, the¢ H
signal lives much longer. Apparently, there is a substantial amoufBgfiR
equilibrium with PHA™ on the picosecond time scale, but with a 24 ps time
constant, the equilibrium shifts toward$H™. This is consistent with the fact
that the fast recombination process disappears on a similar time scale.

Taken together, the time dependent shift in thelBnd on the picoseconds time
scale in the M210YD mutant, and the fact that it remains in the 24 ps lifetime
spectral species but this decays much faster thaddes, suggests a model for
the unusual behavior of this mutant. The early time shift,0OEBuld represent a
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relaxation in the dielectric environment aroungddd the time scale of initial
electron transfer. This relaxation occurs predominantly after theaidcis
transferred to I and pushes the free energy 6BF down close to that of Pia™.
This dielectric relaxation is evidenced by the blue shift in thieaBsorbance
band. This is consistent with the fact that initial electron transfer is ¢atigti
similar in the mutant and wild type; on the picoseconds time s¢Bl€ Pas not
yet relaxed completely so forward electron transfer proceeds normally. Afte
P'Ba” has relaxed, charge recombination can proceed very rapidly until the
equilibration between B, and PH,™ shifts towards FHA™ on the 24 ps time

scale, presumably due to dielectric relaxation in the environment aréHpd P

The slow component of the i to Qa electron transfer

As described above, the kinetics of ldisappearance in M210YD reaction

centers is biphasic, containing both a component near 200 ps, similar to wild type,
and a long component with a lifetime of about % of a nanosecond. The
underlying heterogeneity could either be static (multiple ground state
conformations of the reaction center) or dynamic. Interestingly, othetiongat

this position do not result in much change in the rate of transfer to the quinone,
suggesting that the coupling is not very sensitive to the exact structure in this
region. Given the nature of the M210YD mutation and the other apparent effects
on dielectric relaxation, it is more likely that the heterogeneous kirrescdts

from either static or dynamic heterogeneity in the driving force ofcitveard

electron transfer. One can estimate the size of the change in drivingatrce t
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would be required to give rise to this magnitude of rate change by looking at the
rather extensive literature on quinone replacem&nt&rom this, it appears that
shifting the rate from 200 to 700-800 ps is equivalent to a decrease of the driving
force by at least 100 meV.

Figure 3 presents the decay associated spectra from a global analysis of
the transient absorption spectra of M210YD reaction center in 510~750 nm
spectral region using four exponentials plus one constant. In addition to a spectral
feature of the ground state bleaching recovery of P at 600 nm at 26 ps,
representing the early charge recombination fréhinPin this mutant, another
noteworthy feature is seen in the decay associated spectra of the 180 ps and 720
ps components. A 4~5 nm red shift is observed in the ground state bleaching
recovery of the bacteriopheophytin band on the 720 ps timescale compared to the
decay associated spectrum of the 180 ps component. In the meantime, there
appears to be a corresponding blue shift of the anion band (around 660 ngn) of H
though this is more difficult to see due to the breadth of the band. Thus, there are
two spectrally distinct B4 states involved on the different time scales. A
spectral band shift of this nature is consistent with two distinct dielectric
environments of FHA ™ giving rise to two driving forces for forward electron
transfer.

One cannot directly determine from this if the dielectric environments
are static environments present in the ground state or result from dielectri
relaxation on the time scales being considered. In either case, the nature of the
mutation involved (Y= D) and the fact that other mutations at the same position
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do not show this kinetic complexity suggest that the protonation state of the
aspartic acid could play a role in the unusual kinetic properties of the M210YD

mutant.

pH dependence of electron transfer in wild type and M210YD RCs

As shown in Table 3 (the kinetic curves are in supplementary information, Fig S-
1), there is a moderate pH dependence of the fast charge recombination time
constant in M210YD reaction centers (it slows down by a factor of two) and an
even less dramatic dependence of the biphasic time coursé tof & electron
transfer on pH. Wild type also shows weak pH dependence for the electron
transfer rate to the quinone. Thus, while pH may perturb the aspartic acid and its
environment, there does not appear to be a static protonation or deprotonation in
this pH range. This argues that the protonation state of the aspartic acid is not
substantially heterogeneous, at least in the ground state (the effective pKa is
probably not close to 8.0). In other words, the kinetic heterogeneity imthe H

Qa electron transfer reaction in M210YD is not due to a static heterogeneity in the
protonation of the aspartic acid in the ground state. This conclusion is also
supported by the ground state absorption spectrum of this mutant (Supplementary

Information-Fig-S3), which does not show any apparent pH dependence.
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Table 3Time constants and their relative amplitudes yielded by performing
multiple-exponential fits on the kinetics decays$-igure 3.

Sample of Nor-
(Qa- | pH | 11 (%) | 12 (%) 13 (%) w4 (%) [°
decay
removed
, 390 ps 6 ns 0
wild type| 8.0 (11.7%) (45.7%) 42.6%
. 6 ns
o) o)
wild type| 9.5 366 ps (8.2% (31.2%) 60.6%
253 ps | 21.6 ps 456 ps 5.7ns 0
M210YD] 8.0 | ‘5006 | (126) | (16.2%) |(46.1%) | 2%
182ps |445ps 0 6 ns 0
M210YD| 9.5 @4%) | (15%) 540 ps (9.6% (47.9%) 23.1%

The weak pH dependence suggests that neither the pKa value of the tyrosine in
the wild type reaction center nor that of the aspartic acid in M210YD falls in
current investigated pH range (8.0~9.5). However, one remaining question is: To
the high pH end or to the low pH end? Particularly for M210YD, its protonation
state could be important to explain the observed fast charge recombination and the
biphasic PHa" — P'Qa electron transfer. The intrinsic pKa value of the Asp
amino acid in solution is around 3.9. Its pKa value can shift in a heterogeneous
protein environment due to the interactions with other ionizable groups in its
neighborhood, or in the other extreme, deprived of such interactions because of
the absence. Despite of this uncertainty, there is a much larger possibilttyetha
aspartic acid is de-protonated, because among the statistical data of
experimentally determined the pKa states of embedded Asp side chain in more
than 500 folded proteins, very few of them move to the high pH tail ($%18)

structure based calculation using MCEGE 3(details in Methods section) and an
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online server based on empirical pKa prediction (PROPKA 3.1 s&h/ét

http://propka.ki.ku.dkalso prefer a de-protonated state for the Asp residue in

M210YD at pH 8.0~9.5 (pKa = 6 ~ 7, s&able 4), particularly if one expects an
increase in dielectric constant in the local environment of the mutation due to
increased conformational flexibil§%. Furthermore, this explanation is also
consistent with the observation of the blue shift gf&sorption band in the

M210YD mutant at pH=8.0 upon charge separation because the
redistribution/relaxation of the localized net charges in the de-protonated Asp side
chain can lead to a major relaxation af Bnergy level.

Table 4 Calculated pKa value for the M210 site tyrosine sidechain in wild type

RC and aspartic acid sidechain in the M210YD mutant. The values in brackets are
calculated by PROPKA 3.1 server, and other values are calculated by MCCE

program. Thepo: value represents the protein dielectric constant chosen for the
continuum electrostatic calculations.

wild type RC M210YD RC M210YD RC
(epro=4.0) (€pro=4.0) (€proi=8.0)
Neutral state (14.7) 14 (10.1) 9.36 (7.4) 6.33
P'Ha” state >14 9.45 6.00

Charge recombination in Qxs-depleted M210YD reaction centers
When Q is removed in wild type RCs, R, is formed and decays non-

exponentially due to charge recombinatfoff® 8% 184

primarily on the 6-10 ns
time scale. Charge recombination ip-@epleted M210YD RCs is kinetically
even more complex, with time constants on at least three time scales (22~44 ps

456~640 ps, and >5 ns). More than 25% of the RC population recombined on a

sub-nanosecond time scale in M210YD, compared to only about 10% in wild type
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and none of the decay components in wild type have sub-hundred picosecond
time constants. At least in terms of the fast recombination reaction in M210YD,
these results are consistent with those presented abovg-tmm@aining reaction
centers in which the 24 ps component was interpreted as rapid charge

recombination.

A model for electron transfer, dielectric relaxation and recombinationm
M210YD RCs

Figure 4b provides a scheme that summarizes some of the concepts and
conclusions described above for the M210YD mutant reaction centers. Following
primary charge separation, the energy level'&,Pexperiences a rapid
relaxation. This is observed as a fast dielectric relaxation in the environment
Ba (Figure 2e). As a result, the free energies BR and PH,™ are now very
similar, a fact that is reflected in the apparent equilibrium population dhBt
persists well after initial electron transfer (Figure 2). This prevadpathway for
recombination ofP"H,” via PB4 that is now fast enough to compete with the
relaxation of PHa™ relative to PBa on the 20 ps (pH 8.0) or 40 ps (pH 9.5) time
scale. Given that about 10% of thédi” population recombines with this time
constant (Table 3), the intrinsic recombination rate constant during this time
period should be a few hundred ps. Relaxation’BfyPhas been widely

é 184, 186, 195
)

documented in literatuf on a variety of time scales (from 20 ps to a

couple of nanoseconds). AftetHP,™ relaxes, access to recombination vig P
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has a much higher activation energy and thus the rate recombination slows down

to values more similar to that observed in wild type.
(a)
P* (0)

1 \: — P'BA(0)

P'HA (1)

H
PR (1) = Y=
- .

(relaxed)

PTHL (1)

-: -"- - . -v- (relaxed)
. P QA

‘0" stat ‘1" state
Figure 3. (a): Energetics scheme for primary charge separation and the charge
recombination pathway. The energy level relaxation caused by the dielectric
environment change (labels for “0” and “1” states are reserved foefigur
resulting in a branched recombination pathway as well as a biphasic rate to Q
(b): Possible structural picture of the dielectric environment change dust to fa
hydrogen bonding dynamics. Before charge separation, the alpha-helix backbone
hydrogen bonding Ala207-Gly211 was intact (“0” state); After charge depara
to avoid the unfavorable charge-charge interaction between Asp210.gpuohkd
color), the Asp210(OD2) lone pair competes the hydrogen bonding with Gly211,
forming Asp210-Gly211 hydrogen bond (“1” state).
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The introduction of aspartic acid at M210 clearly elicits a change to thetd®lec
environment that is not seen in wild type or other mutants at this site. In terms of
electron transfer, this is expressed both as a fast charge recombinatibia of P
—PHa and a biphasic™a” —P"Qa” electron transfer. Even though the

possibility of a static heterogeneity in the protonation of the aspartic acid in the
ground state cannot be entirely excluded, the weak pH dependence of both the
ground state spectrum and the electron transfer kinetics suggests a different
explanation. Such a perturbation to the dielectric environment more likely has a
dynamic origin, in which the protonation state (or at least the polarity) of the
aspartic acid changes during charge separation as does its interactootheurit
amino acid groups in the protein.

Exactly how and when protonation/de-protonation of the aspartic acid takes
place in M210YD is not certain, but one possibility is that this occurs during the
fast PBa energy level relaxation following primary charge separation. One
structurally plausible scenario is that immediately after chargeatepg the
aspartic acid protonates and forms a new hydrogen bond with the backbone
nitrogen of glycine M211 (Asp210(OD2)-Gly211(HN)) while simultaneously
breaking an alpha-helical backbone hydrogen bond between M211 and M207
(Ala207(0)-Gly211(HN)) (see figure 4a) . This will remove the unfavorable
charge-charge interaction with the bacteriopheophytin anigr &dd allow fast

dielectric relaxation.
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Supporting Information

Figure S1-S3 provide additional spectroscopic data for the ground stareispect

and pH dependent data.

Supplemental Data
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Figure S1: Superimposed ground state absorption spectra of wild type (pH=8.0,
9.5) and M210YD (pH=8.0, 9.5). The peaks were normalized at 800 nm.
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Figure S2The ground state bleaching recovery kinetics of P for wild type RC and
its M210YD mutant in their @containing (a) or @ depleted state (b), measured
in two different pH conditions (8.0 and 9.5), and observed at 835~840 ni& in a
ns probe window. The kinetics of all measurements were normal@dtet
maxima of the initial bleaching. Up to four exponential componentsgriason-
decay component was used to fit the curves (solid lines).
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CHAPTER 4
Utilizing the dynamic stark effect as a probe for the reaction center
dielectric relaxation during charge separation

Abstract

The electrochromic shift is a phenonmenon in which the absorption spectrum of a
molecule shifts in response to an external field. In the photosynthetioreacti
center, this field is created by charge separation following exuitai light. In

Stark effect theory, a shift in the absorption spectrum is considered as a
component of the field-induced energy level perturbation in both the ground state
and excited state. In other words, the Stark shift indirectly reflectfdutiee

field strength on the probe molecules. In this work, the possibility of monitoring
the continous variation of the effective field strength on the ground state
absorbance spectrum of the monomeric bacteriochlorophylls in the photosynthetic
reaction centers has been explored by observing their time dependent $tark shi
during charge separation (dynamic Stark shift). The time dependent Stark shif
analyzed by first performing a sequential analysis of the tinwwvex$ spectra to

obtain the evolution associated difference spectra (EADS), then recomsfiineti
"post-excitation" abosolute absorption spectra from those EADS, and finally
forcing the reconstructed spectra to converge in a three-gaussian component
global fit. Using this approach, the dynamic Stark shift has been exploreldiin wi
type reaction centers and in four of mutants at position M210. It is shown that the

dynamic Stark shift of both monomeric bacteriochlorophylls are consistémt wi

144



our current picture of electron transfer. That said, it is also shown that the
dynamic Stark shift conveys additional information not available in ther@hect
transfer kinetics. In particular, polarization effects influenced ngaraB be

observed which lend in insight into the role of protein dynamics in photosynthetic

electron transfer.

Introduction

The electronic Stark effect in molecules has been known for a long time and
utilized to explain the effects of electric fields on molecular electrarsitions.

On advantage that monitorin the Stark effect has over many other experimental
approaches is that it has the potential of allowing a direct comparison between

results from electrostatics calculation/simulation and those from exgrasntor

each molecule, the perturbed transition dippl@nd the peak position,_,, are

functions of the external fiel& :

_— —_— —

KE) = p, +A-E (47)
— RN — 1—> —
AAE) = -Au-E - JE-Aa E (48)

Where Ais the transition polarizability@ and A« are the difference permanent

dipole moment (between ground state and excited state) and the difference
polarizability, respectively. The absorption spectrum can thereforepameéed as

a Taylor series in powers a@fy, i.e.
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Liptay first developed a detailed framework for describing thereleict
Stark effect for molecules immobilized in a matt*®’ Even with this
simlification, the expressions in equation (49) would be even more complex if the
perturbations of the external field on the transition dipole and the transition
polarizability in expression (47) were considered. Luckily, due to molecular
symmetry, the effects of the external field on the transition dipole clearge
often relatively minor compared with the influences of the permanent dipole
change in most caS& Equation (49) is suffice for molecules that are pre-
aligned in a polymer film or a membrane. However, in isotropic samples where

molecules are entirely random relative to the field, equation (49) need to be
further averaged over all orientations (odd terms associatedgyjth Au
disappear, leaving only even terms), resultin a broadening or narrowing of the

functional form, rather than a shift, assuming the dipolar approximation (ignoring

. Aa term). This is depicted in figure 1,
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Figure 1 An illustration of the Stark effect in moleculéa) energy level ilan
externalfield (b) spectral band shift for a single molec{dspectral ban
broadening effect of the molecules in random medidspectral band shift |
molecules oriented in the fil

For molecules with homogeneous orienin, the field perturbation tcn
individual transitiorresulting ir a collective shifin one direction becon more
important than the spectral line shaln contrast, for norriented molecules, tt
perturbation felt byhe transition dipoleis non-uniform, androadening effect
dominatein the line shapeBoth experimental and theoretical applica of the
Stark experiment in biomolecules and organic mdéscaystem has progress

rapidly during recengear*®?°” The electrochromic shift, a phenomenhat has
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been know for many years, is a particular example of the Stark shift observed in
absorption spectf¥ %% The electrochromic effect in reaction centers was
observed early on and explained by a shift of the absorption peak of the
chromophores in the charge separated <tafhe field created by an internal
charge separation within the reaction center is identical for each moleduée in t
sample, therefore equivalent to the prealigned case mentioned before. Sgme ear
efforts were devoted to studying the electrochromic shift within theioeac

center ground state spectra using low temperature, where a hightsiquose

ratio was possibf&®. However, there are not many reports that consider the role
of the Stark effect in time-resolved absorption spectra context. In this gtigdy
shown that the electrochromic shift can be used to characterize time-depend

protein dielectric relaxation.

Materials and Methods

Mutant preparation and reaction center protein isolation

The mutants used in this chapter all target one site, position 210 in the M branch
(M210). The construction of the mutant that incorporates a poly his-tag modified
pseudo wild typdrb. sphaeroides reaction center gene has been described in

171 The reaction center isolation and

Chapter 3 and previous publicatidits
purification was also performed as previously descfiliedihe reaction center
samples were suspended in 50 mM Tris-HCI buffer (pH 8.0), 0.025% LDAO

detergent, 1ImM EDTA during measurements.
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Spectroscopy measurement

A femtosecond pump probe system used to investigate the transient absorption of
the reaction center samples is described in Chapter 3. In brief, the laser pulse
were generated at a reptition rate of 1KHz with 130 fs duration at 800 nm using a
regenerative amplifier system based on a Titanium:Sapphire lastm({hi,

Tsunami, Spitfire, Spectra-Physics lasers). About 70% of the beam power was
used to pump the infrared optical paramagnetic amplifier (OPA-800C, Spectra-
Physics), and the remaining 30% was used to generate the white light continnum
for probe. The 860 nm excitation was obtained by fourth-harmonic generation in
the OPA. The white light probe beam was generated by focusing the 800 nm
pulse onto a 3 mm sapphire plate followed by pulse compression using a pair of
prisms (CVI). The polarization of the excitation beam and the probe beam were
set to a magic angle (54.7°) with respect to each other. The probe light was
dispersed by a spectrograph and detected by a CCD device over a 300 nm spectral
range (centering at 830 nm, 680-980 nm). Samples were placed between two

guartz plates sealed in a wheel (1.2 mm path length) that rotates to avoid
accumulating thd>"Q, state. The translation stage using in the delay line for the

kinetics measurements allows up to a 6 ns delay to be introduced between the

pump beam and the probe beam.

Data analysis
The spectroscopic analysis is divided into two parts. First, a rudiment analysi

performed that uses conventional curve fitting composed of several exponentials
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or global analysis on the whole spectra using a kinetic model involving a series of
sequential states. Second, a further dynamic Stark shift analysigilizat both
time resolved difference spectra and the ground state spectrum to re¢dhstruc
absorption spectrum at a particular time after light excitation isipeed

(referred to as a time-resolved absolute spectrum). Instead of usingtatie¢he
resolved difference spectra directly, the evolution associated diffespecta
(EADS) from the sequential model analysis is used for the time-resolvediabsol
spectra reconstruction. The purpose of this replacement is simply to reduce the
spectral noise in the subsequent fitting of the absorption bands and to avoid
cumulative errors by reducing the amount of fitting data. Since the sequential
model analysis is simply used to filter out the noise, in principal the number of
states used for such a fitting should be large enough to result in a random
distribution of residuals. In practice, at least 7 states are requiredre fitte
resolved spectrum in th@ spectral region. Judging from the kinetics and the
spectral features of the EADS states, the first two states areeabsuive
dominated by the excited state P* population. All the following states can be
treated as time dependent mixtures of charge separated states. The @fagmic

shift analysis is applied to the charge separated state EADS.

The dynamic Sark shift method

The reconstruction of time resolved absolute spectra is similar to thg stasel

approach in Steffen et al's wdfR The only difference is to replace the
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P'Q. — PQ steady state difference spectra with the charge separated stafe EAD
calculated in the previous step. Briefly, the absorption bands of the accessory

bacteriochlorophylls, andB; ) are built-in probes of the internal electric field

produced by the charge separated states(eithidf or P'Q, in this case). In

order to obtain the absolute absorption spectrum of reaction centers in the charge
separated state, the magnitude of the P ground state absorption band was scaled to
match the maximum of the absorbance decrease associated with P graund stat
bleaching in the EADS, and then the ground state and normalized transient

spectrum are added together (figure 2).

- EADS of charge separated state

0 + 0
Ground state absorption spectrum
700 750 800 850 900 950 700 750 800 850 900 950
Wavelength [nm] Wavelength [nm]
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Figure 2: lllustration of how reconstruction is performed of a band-shifted t
resolved absolute spectrum (absorption spectrum with background illumination)
from the ground state absorption spectrum and the difference absorption spectrum
by a superposition procedure. After the addition of two spectra, only the spectral
region in yellow will have significant contribution to the absolute absorption
spectrum as the two spectra are first normalized at 865 nm (P band) before the
addition. The absolute absorption spectrum is then fitted with three gaussian
bands to yield the Stark shift (blue arrows, detailed in text).

The absolute absorption spectra are assumed to contain the absorption
band information oB,, B;, H, andH; only. Even though previous theoretical
calculations as well as some hole burning results have suggestedsthaaxof

an upper exonic band of PP() in the absorption region of accessory
bacteriochlorophyll, its oscillator strength is assumed to be much sinaltels,,

and B; from recent experimerft€. More important, we only consider the charge
separated state EADS in current study to minimize the complexity thas éom

the absorbance change due to the excited state. For each time-resapiaig abs

asborption spectrum constructed from one EABS and B band shifts
(AVBA, AVBB) need to be extracted. As in r&f gaussian fits are the most

convenient way to perform this step. However, in contrast to the strategy used in

the previous paper, only a single gaussian function is used to fit eachi)f the

and B; absorption bands rather than using two gaussian bands to describe each

cofactor. This is because at room temperatuer (the current study) sthere i
significant line shape broadening compared with the low temperature condition
(1.5 K) used in the previous work. This make it easier to describe the bands with a

single gaussian. Referen®also considers room temperature data. In that case,
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only an average spectral shift can be identified for the bacteriopheophytinnba
their work. The bacteriochlorophyll band shift studied here has the advantage of
being larger than that of the bacteriopheophytin and the contributions from each
cofactor are more separable. An even more important aspect is that,eghe tim
resolved spectra provide a continuous variation of the band shift that significant
increases the amount of information that goes into the spectral determinatio

reducing the uncertainty relative to what one would get from single spigctral
The absorption bands of the bacteriopheophytiisgnd H; ) are even more
coarse-grained in fitting. Only one gaussian is used to represent the alpsorpti

bands of bottH, and H; cofactors to ensure a robust fittingBf and B,
bands, even though this usually results in a non-random fitting residud) for

and H; bands. Therefore, a global gaussian peak fit on a series of EADS is

analogous to the global analysis on the time resolved spectra. The constrained
parameters for the global gaussian fit is the widths of the gaussian atrsorpti
bands, which are kept constant throughout the fit. The reason for applying such a
constraint is indicated in Figure 1. The chromophores in the reaction center
protein are embedded in the protein matrix with well-defined positions and
orientations, which basically eliminates the source of heterogeneity letwee
reaction centers. Given a well-defined internal field (though it changegimih

it varies in the same way collectively within the ensemble) and probe
chromophore dipole orientations, the dynamic change of the Stark shift value

reflects the internal dielectric relaxation of the protein. In practieetime
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dependence oB, (or B;) band shiftAt ) is calculated by weighting the values

in each EADS with normalized populations in the corresponding kinetics:
Aut) = G (t) - AVl ) (50)

Results and discussion

The magnitude of the evolution of the stark shift frédn and B; absorption

bands are presented as a function of time in figure 3 fowildetype reaction

center and its M210 mutants.
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Figure 3: B and B band shift kinetics for wild type and M210 mutants. Black
lines represents Band red lines represeng Brhe kinetics are constructed by the
procedure described in the Methods section.
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Figure 4: Comparing the time dependé&pt Stark shift (black) with the electron

transfer kinetics measured at 545 nm (blue, monitoring the bleaching siddal of

) over a 6-ns time window. Both kinetics are normalized at the maximum, which
allows a direct comparision during the peroid of primary electron transfer. To
facilitate a comparison on a longer time scale (electron transferdsineti

guinone and up to 6-ns), the Stark shift kinetics are scaled to overlap with the
electron transfer kinetics. Wild type reaction centers (a) and the M2 b@¥tBnt

(b) are compared measuring at pH 8.0 and room temperature.

In wild type reaction center and all of the mutants considered]ytm@mic stark

shift for B, builds up quickly and then decays more slowly. This is because the

magnitude of the stark shift basically reflects the inteadntensity of theB,
multi-pole with the internal field due to charge separation. Accgrtiirequation
(52), to the first order approximation (dipole), the stark shift should be

proportional to the field strength. Qualitatively, the rise and dedae field

strength do correlate with the distance betwBgrand the electron as the charge
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separation develops. On the other hand, the stark shift fd3 ttesorption band
also experiences such a rise, yet at a different rate cethpdth that ofB,.

After reaching the maxima, thB, stark shift either does not show a significant
decay in some of the mutants, or shows a slight decay or even th gnowild

type) that is independent of electron transfer.

A comparison between the kinetics of tBg dynamic stark shift and the

electron transfer kinetics characterized at 545hynground state bleaching was

performed for wild type reaction centers and the mutants M210YBhAwn in
Figure 4, in the wild type reaction center, the growth ratbeStark shift during
primary charge separation match that of the electron trahkgfetics. If the
observed stark shift can be used to represent the time dependéneetiéctive

field strength (first orderAu approximation), this observation reflects a linear
relationship between the effective field strength variation haatkectron transfer
kinetics. In contrast, the growth dB, stark shift is occurs more slowly than
electron transfer in M210YD reaction centers. This phenomenon might be
associated with a significant dielectric relaxation nBarobserved in this mutant
(see Chapter 3), where a charge of aspartic acid actindg,orcontributes

significantly to its Stark shift and deviates from a linedationship with respect
to a H, population change. In both the wild type reaction center and the

M210YD mutant, the kinetic decay of dynamic stark shift duringkhe— Q,

electron transfer reaction are faster than the electronfarakimetics. This is
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particularly prominent in the wild type reaction center, wherestaek shift decay
lifetime is about 130 ps, much shorter than tHg — Q, electron transfer

lifetime. This phenomenon can be explained by the quadratic ternmein t

expression:

Av = —(Eim - Au + By, 2Acz)/h (52)

Using high order stark spectrum, Lao et al. has already shdadksgd the
monomeric BChhia has a low excited state polarizability, and the dipole moment

changeAx dominatesAa in equation (522 This linear relationship has been

observed in primary electron transfer, which can be treated as antadimbeess
during which the protein dielectric environment is basically theesas the
ground state except for changes local to the electron donor P. Viaiate

observed between the electron transfer kinetics and the Starkkisleifics in

H, — Q, electron transfer possibly implies that, on this time scalehitjteer
order term associated witha is more important. Under these conditions, if the
time dependence of the internal field follows the electron tralsfg. has @ ™
dependence), a portion &, stark shift kinetics should accelerate at a doubled

rate due to a quadratic relationship of the field change in the séeondof
equation (52) (i.e. (e"‘t)2 = e ). One possible explanation for such a
phenomenon is that: when the electron transfer arrives, a@nd starts to transfer
to Q,, the entire protein environment starts to relax in response tohtémge

separation and the environment polarizability nBarbecomes more significant.
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Also, if the evolution of Ao(t) due to the protein matrix polarization is a
complex function rather a constant, the kinetics ®of(t) becomes more

complicated.

Stark shift observed atP"H, state andP*Q, state
A more straight forward way to compare the time dependent ttielgcoperty

of the wild type with that of the mutants is to compare thek sthift of B, and

B, absorption bands in particular electronic states. The maximum citdahie

shift in the B, absorption band can in principle be used as one of gauges of the
dielectric response of the reaction centerPirtH, state. The stark shift for the
stateP*Q, is determined at the maximum of the delay (6 ns), represeativell
formed P'Q, state after initial relaxation. A summary of the stark shift ntagdei

of the B,and B; absorption bands at two statds'd, and P'Q,) in wild type

and the mutants is presented in figure 5. Four horizontal linesdraen

representing the values in wild type reaction centers. The muasnterdered

along X axis according to theB, stark shift magnitude in thB*H, state. It is
not surprising to see that thg, stark shift magnitudes all decrease by a similar
amount, about 2@n*, during the transition fromP*H, to P*Q, (except in

M210YW, which is 50~60cm™), which is due to an attenuation of the field

following the departure of the electron frao), .
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Figure 5: The Stark shift associated two electronic st&dd, andP Q. , in

wild type reaction centers and the M210 mutants. The mutant are ordered by the
magnitude ofB, Stark shift in theP"H, state (black square) in descending order.
The wild type reaction center values are used as baselines and indicated.by line

Overall, the change in thB, stark shift follows electron transfer but does not
overlap with its kinetics. In contrast, the stark shift Bf absorption band
exhibits a strong sensitivity to mutagenesis in this site. TreiglthatB; is far
from the A-side electron acceptor, and should mostly be influencéuebgation
on P, most mutant reaction centers show little evolution in Beirstark shift
kinetics after the primary charge separation. Therefore, Bpestark shift
magnitudes for the two electronic states investigakdH( and P'Q, ) are quite
similar. Wild type reaction centers are the exception; it aqgothat there is still
significant dielectric environment evolution " following the primary charge

separation, which appears to enhances the field in the vincinitg, of This
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observation in the wild type reaction center is surprising, getatiation trend is

approaching the values obtained in previde&), steady state stark effect

experiments which predicted a 181" Stark shift inB; '

Use dynamic Stark shift approach to predictB, — H, electron transfer rate
within the reaction center mutants

B, is an electron transfer intermediate between P ldpdIn the wild type
reaction center, thé®'B, — P'H, electron transfer takes less than 1 ps to
complete, which is faster than its formation (3 ps lifetime for — P*B;),
resulting a very small observable population. This siRaB, population can be
observed near 1020 nm spectral region due an absorptBp. dthe kinetics near

780 nm have also been suggested to provide a measure Bf thepulation due

to the electrochromic shift of its ground state absorption, yetkth of single
wavelength characterization is not very reliable as a re$udignificant overlap

of the spectra of the different cofactors in this region. The bgHdmkinetics of
the B, stark shift matches with the electron transfer — P*H, kinetics in
general, but just like the kinetics observed in the 1020 nm, thareimstially fast

phase presumably associated wBh — H, electron transfer. The rate equation

for the B, — H, electron transfer is written as the following:

Hat)  _
# - kB—)H ’ NB;(t) (53)

160



where,NHf is theH, population,NBf is the B, population, andk; .,
A A

is the rate constant fd, — H, electron transfer. Thel — Q electron transfer
pathway is neglected due to a two order difference in ratdasdrisa competing
with k;_,,. Assuming that during the kinetics of initial Stark shift®)f, the field
strength felt byB, is proportional toH, population (first order approximation to
Au), the H, population can then be replaced with the observed magnitudg of

Stark shiftA Ve, - le.

dAvBA(t) -k
T — RBoH NB;(t) (54)

Since theB, — H, electron transfer is fast enough to be considered as
an adiabatic procesk, ,,, is then taken as a constant. Hence, we have

dAv, (1)
—A o« N (t 55

o N (55)
Equation (55) implies that if we compare the derivative of BpeStark

shift kinetics and the evolution d@, population, they should be similar at least

for the rising edge. To validate our approach, we compar8the> H, electron

transfer kinetic measured in 980~1040 nm spectral region and the idyatark
shift kinetics analysis in the 800 nm region. The results from lpgtoaches are

presented in figure 6.
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Figure 6: Comparing the kinetics efﬁ (panel A, calculated frons,
Stark shift measured in the 800 nm region) &rég(t ) (panel B, measured for
A

P*B, absorption change in 980~1040 nm spectral regioRpissphaeroides
reaction center in wild type and its M210 mutants.

It is demonstrated that the dynamic Stark shift approach ghes t
qualitatively correct result fok,_,,, between wild type reaction center and the
mutants. It is noteworthy to point out that even though the wild typdioeac
center has the fastest over&l — P*H, electron transfer rate, it does not

appear to optimize thB — H step significantly.

Dynamic dielectric asymmetry in charge separated reaction centers

The bacterial reaction center has been found to be functionally asymmetric even
though its structure has quasi-C2 symmetric branches. Many studies have been
performed to understand the origin of this. Steffen et al. identified a dielect
asymmetry in charge separated photosynthetic reaction center by ng#seirin

Stark effect spectrutf®. The hypothesis from this study is that the dominant A
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side electron transfer is associated with a larger dielectric con$tidua protein
environment, thereby increasing orbital overlap and enhancing the electron
coupling between reactant and product state. Continuum dielectric studies using a
static structure also concluded that the field also favors charge separation along
the L branch. With the dynamic Stark shift approach, the dielectric asyyise

a natural extension of the definition adopted in the steady state by definirgy it as

relative ratio between the time dependent field-induced energy levelrehift f

two cofactors,B, and By (AVBA(t )/ AVBB(t )). The results from the wild type

reaction center and its mutants are summarized in figure 7, while the fesunt

Q,-depleted reaction center as well as the steady state data publishefidnye$te

al. (1.5 K,P"Q, state) are included as a reference.
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Figure 7: The time dependent evolution of dynamic dielectric asymmutry af
charge separation in wild type reaction centers (including QA-depletetibrea
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centers) and the M210 mutants. The dynamic dielectric asymmetry eseggras
a dynamic ratio of the Stark shift of accessory bacteriochlorophyllstisam

branches B, andB;). Data are collected at room temperature over a 6-ns time
window. The steady state dielectric asymmetry at low temperature (in5 K)

referencé® s also presented, shown as a shaded square.

There are a couple of interesting observations from the dynamic
asymmetry curves of figure 7. Instead of a single value measureddy state
from previous experiments, the curves show that at least a portion of the dielectric
asymmetry gradually builds up as charge separation continues. This is not very
surprising because a continual charge separation in space will result in a response
of protein structural reorganization in the L branch, while the M branch should
experience much less reorganization particularly after primary chapgeation
in complete. In this sense, the dynamic dielectric asymmetry observed here

more likely the effect of unidirectional charge separation rather tbanse of it.

This speculation is supported by the observatioQ,iulepleted reaction centers.

The Q,-depleted reaction center has very little dynamic asymmetry evolution

after the primary charge separation, and the subsequent charge recembinati
process appears to be a slow, diabatic process (quasi-equilibrium) that leads to
indistinguishable dielectric relaxation kinetics in the two brancheppiars that

all of the mutants at M210 as well as quinone depletion cause a change in the

dielectric asymmetry during primary charge separation, suggessiag@
perturbation of the reaction center structure rigaor B; . It is worthwhile to

noting that there is some preliminary evidence suggesting that thibertaye,

for example, the early time excited state] ps) spectrum in the 800 nm region
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that mostly reflects a difference in the electron coupling and orbital overl@p of

and B, are quite different between native wild type reaction cente€xand

depleted ones prepared in two different ways, a detergent eluted one and a single
point mutant that occupies the quinone pocket(AM260W) (see Supporting

Information figure-S1).

Conclusion

The dynamic Stark shift of the monomeric bacteriochlorophylls in the charge
separated reaction center has been analyzed with a sequenti@hatgses

followed by a global fitting procedure on the resulting EAS. The time dependence
of this Stark shift reflects a dynamic change of the effective diglextnstant
susceptible to the variation of the internal field formed between the hole on the

dimer and the bacteriopheophytin anion. In the wild type reaction center, the time
dependence of thB, Stark shift is identical to the electron transfer kinetics
occurring in this branch, suggesting that permanent dipole chismgeobably
dominates the band shift expression in (52). In contrast, some of the mutants, for
example, M210YD, show a quadratic Stark effect in which a polarizability change
of B, becomes significant, possibly because of the aspartic acid replacetment. T
uneven development of the dielectric response from the two potential electron
transfer branches of the reaction center was found to be associated with the
process of charge separation along the A branch. In other words, although certain

static dielectric asymmetry was found immediately after lighttation, a major
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part of the dielectric asymmetry observed in the steady state spectrubemay

induced by the charge separation.
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Supplemental data
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Figure S1: The time resolved spectra in the 680-970 nm spectral region éor thre
reaction center samples {@Qontaining wildtype RC, @depleted wildtype RC,

and AM260W mutant RC) during the early time evolution (0~1 ps) after 860 nm
light excitation. The major spectral differences in the 800 nm region are
highlighted in yellow.
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CHAPTER 5

Preliminary work and concluding remarks
Transient CD spectroscopy, a potentially useful approach to explore the
protein dielectric relaxation
Following light excitation, the reaction center protein is agddrom the ground
state and subsequent electron transfer occurs. As a responsagtati@neously
redistributed charges on the chromophores, the protein matrix theneexps
dielectric relaxation that is driven by the readjustment ohtieei, which occurs
on multiple time scales (ps-ms). Clearly, acquiring inforaraibout the protein
dielectric relaxation is very critical to the understandinghed system. Wang et
al. first used a 280 nm absorption change of two tryptophan residues t
characterize the protein dielectric environment relaxation measpecial dimer
(P). Determining the dielectric relaxation kinetics allows tmmodel the change
of the primary electron transfer kinetic rate as a functionhef driving force
accurately (see the reaction diffusion model section in Chaptén Ohapter 4,
the dynamic Stark shift characterizes the variation of theraotion energy
between the charge separation-induced field and the probe chromophores’

transition dipoles. The probe chromophores in this approach include theagces
bacteriochlorophylls on both symmetric branchBg &nd B ). It utilizes the fact

that both cofactors remain in their ground states almost all thootighe electron
transfer, and their ground state absorption bands can be used as gctoa sp
indicators of the energy level shift due to the external fieldletric relaxation

kinetics measured using the dynamic Stark shift may be ditfdrem those
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measured with tryptophan absorption signals because the dielespimnse not
only varies with time but also behaves anisotropically in the proiesn,
£ = g()%’,t ) . Investigation of protein dielectric relaxation can then be extetale
a consideration of the time domain and the different positions of theimprot

interior. In principle, the dynamic Stark shift approach can be apmi®oth the

accessory bacteriochlorophyllB{ and B; ) and the bacteriopheophytinkl{ and

Hg), but in practice, thdd, and H; absorption bands are harder to be separated

at room temperature due to line shape broadening and smallgo@&ieamic

shift effects. Analysis of the bacteriopheophytins is also momgptex as a result
of the A branch’s role K,) in being a real electron acceptor, which greatly

depletes the corresponding ground state population that can be used to
characterize the protein relaxation. A more general appraadgiudying protein
relaxation needs to be developed.

A potential alternative for the dynamic Stark shift indicasathe transient
circular dichroism (CD) spectra of the chromophores. As desciibEtapter 1,
the CD spectrum of a molecule is directly associated withdtitgoroduct of its
electric dipole and magnetic dipole. Although they have been widely tosed
characterize the chirality of molecules, CD spectra are mamamonly used for
finger printing purposes. Different secondary structures of aiprétave their
unique CD spectra in the UV region and can be used to estimaterttent of
each secondary structure. The origin of these different CD apstetims from a

geometrically regular arrangement of amino acid blocks, eath @&lectric
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dipoles and magnetic dipoles. If the relative magnitude and oi@ntdtanges of
either dipole are associated with the structural change of theutsléhe CD
spectrum inversely can be utilized as a good indicator for thosetwstl
changes. The kinetic assay of CD spectra is a long-edtatiltechnique used to
characterize protein folding and unfolding in certain environment. Butethos
applications are mostly on a very slow time scale, for exanggiveral hours. In
recent years, some fast transient CD work has emerged anprdwded the
possibility of exploring the fast changes in either nuclear confasmabr
electronic state. The transient CD technique was applied toe#mtion center

system 20 years ago, but has since fallen out of use becausecomiplexity.

Two transient CD spectra corresponding to two electronic statd3'H, and

P'Q,— have been measured, but no specific conclusions have been made about

the protein contributior’>. Thanks to the advancements in laser technology, the
application of transient CD spectra in reaction center protdirirgy revisited as
a tentative trial. The paragraphs that follow detail only &rpirary experimental
work. More investigation is required, and even more efforts aszlatk to

interpret and translate the data into an understandable language.

Experiment Setup

There are many setup schemes that can be used to measur@nsient CD
spectrd'*??> Recently, Mangot et al. proposed an experiment design thategquir

only a little modification to the conventional broadband pump-probe setup t
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obtain the time-resolved ORD/CD spectra with a satisfacignakto-noise ratio.
This type of design was adopted in this wi6tkThe major modification is in the

polarization modulation and detection of the probe light. This is explame

figure 1
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] Lens Lens T
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[ ample A/4 Filter
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Figure 1: A broadband transient dichroism spectroscopy setup adapted from a
pump-probe setup. The optical elements in the red dashed-line box is the
ellipsometer scheme. GP1 and GP2 are Glan-Thompson polarizers; BS1 and BS2
are beam spliters, arig'4 is the quarter wave plate. Scheme adapted from

Mangot et &

The light polarization change in the ellipsometry is explained in figure 2.
Incoming linear polarized light, which can be treated as a superposition of a left-
handed circular-polarized component and a right-handed circular-polarized
components of equal amplitude and phase, is applied to the sample. Different

absorption cross-sections for the two circular-polarized components induce a de-

polarization of the input linear polarized light, if the sample has any chirality.
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Figure 2 Probe light electric vector larization change in the ellipsome

The depolarization caused by the sample is then picketbyuphe quarte-wave
plate, and converted into a linear polarized coreporthat is sensitive to tt

polarization analyzer, GP2, which has a crossirgriging axis with GP:

Data analysis

The optical rotatory dispersion (ORD) in a sampldefined &:
S = Zﬂ(r]L%nRh (56)

where n_ an n; are the refractive indices of the - and the rigr-handed

circular polarizations, respectively. The CD inaanple is defined i
n=(a — o) (57)
where «;, and ai are the absorption coefficients e lefthanded and rig-

handed circular polarizations, respectiveThe thickness of the samy is
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represented bl In the Jones matrix representation, the output light polarization
is:
EOUt = ‘Analyzer NgampleMPolarizer Ein (58)

Let the incoming light polarization be:

in  _ EOx
(g

and the matrix representing the sample can be approximated by:

1 —i(%+i g) .

Ngample = eial ? ] 77 . 5
i(=+i =) 1
4 2

and the matrix representing the analyzer is:

[ & 0
IlenaIyzer - (9 1— 92] (61)

By ignoring all of the higher order terms, a simple matrix math will tesul

2 2 2 2
pou = mglarRl 2y [0 T Jgo 5 |00 LT (62)
4 16 4 16

The minimum of the parabola defines the ORD angle as:

0 = q2 = §2 (63)

min 2 2
1- 57 + i
4 16

Similarly, switching the role o andn, the CD angle becomes,,; n/4 , and

the CD coefficient is henceforth:

o = 470, . (64)
180n (10)C

IT]OJ
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where C_, is the molar concentration. T minimum of the transmissic
parabola is calculated by scanning the polarizaiogie of the analyzer in a ve
small range € 1°~1°). To measure the CD spectrum of the reaction ceat@ple
in its ground state, a 2 mm thick fu-quartz cuvette was used to hold Q,-
depleted reaction center without any ring. A sample concentration

OR, = 0.8 was used. The ground state state CD spectrum measuireloes

not require any excitationthus blocking the excitation beanfor eact
wavelength, the transmission light intensity vaassa function of the polarizatic
angle.The detection of the light farizationis realized by continuously rotatit
the analyzer with a piezoelectricity controlled oro{5e-5 degree precision). Tt

paraboladerived in equatior62) is experimentally determinediasfigure <.

= "

< 400 \* ‘ —=— Fragment region 1
E \ —+ Fragment region 2
< \\ I
2 "\ J

@ 200 " /

3 \"'\ b

i= \-\ J'(

= [ ]

[=)] . ®

3 0 epe -

-0.90 -0.60 -0.30 0.00 0.30 0.60
Degree

Figure 3 Transmission light intensity as a function of gradarization angle ¢
the scanning polarizer. The parabola is brokentiwtosegments (red and blac
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indicating a sudden change of transmission light intensity, possibly due to the
light beam alignment issue or to mismatching of the polarizer pair in use (GP1
and GP2).

The whole parabola in our measurement is broken into two segments,
which could be associated with a partial cut of the light beam dutieg
polarization analyzer rotation. An imperfect light beam aligmnoe a mismatch
of the polarizer pair (GP1 and GP2) in used, could cause thesés.ré3unih

polarizers should be Glan-Thompson polarizers (CVI), but only one widsldea
in the lab, and the other one was substituted by a Glan-Tylerzsolafio solve
this problem, only the black segment is fitted to determineiitgmam, &, (the
other segment, red part, results in similar spectrum if fittdd/idually). When
the angular minimum has been determined for each individual waybk|ethe
spectral dependence can then be determined. The ground stajge@mms is
obtained by performing the measurements in two conditions: 1) irbuffer
detergent 2) in the reaction center sample. The subtraction sétbad spectrum

from the first one produces the ground state spectrum (figure 4).
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Figure 4: The ground state CD spectrum measured the 760880 nm
wavelength regioby a background subtraction method described inetkie The
spectrum was calibrated with a simple baselineeotion within a small range
the spectral regiorg regionwhere such a procedure is considered applicabl
the wavelength dependence he broadband quarter-wave plate.
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Figure 5: The CD spectra (top of graph) and the ground state absorption spectra
(bottom of graph) measured in the 500-950 nm wavelength region fBbthe
sphaeroides reaction center R-26 strain in 0.01 M Tris buffer, with pH 7.5, at

room temperature. The solid lines represent measurement taken when P is neutral
and the dashed lines represent measurements taken when P is chemitiaky oxi

to P" by adding potassium ferricyanide. This figure is adapted from Reetf%t al
The quarter-wave plate is a Berek compensator (broadband compensdr M
5540, Newport Inc.) with its center wavelength set to 800 nm. Résidua
wavelength dependence (nearly linear around the center wavelemggth,
significantly deviates from linearity when moving away) teegan artifact-free
spectrum. A rigid treatment should use a racemic sample ({chimablecules of
mirror symmetry, equal concentration mixed) to calibrate the elgagth
dependence of the Berek compensator. Because access to such ea\gampl

unavailable during current test stage, calibration has been roagptgximated
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using a linear function. The final CD spectrum in this test hiasge similarity
with the previous report, yet those spectral patterns were founigkeicharge
separated state (figure 4 and 5). The reason for this discyepanicl be that the
probe light intensity being used was too high, or that the approxmatibration
on the Berek compensator was far from perfect.

Extension of the measurement to the transient spectra is mugltesi
because they usually appear as difference spectra, whiclmabegifrom the

sample changes and greatly reduces the static background rerteefe The
difference spectra record the difference of twg, before and after light

excitation, which requires fitting two parabolas separately; kewethe

following derivation work shows that this step can be improved withoge m

robust linear fitting strategy. First, one calculates the exact for&ogf :

ebefore —_ 77/ 4

™ 1- (6% + n’16)

Hafter - (77 + AU)/4
T (6448 (n+An)
4 16
MGy, = O3 — o e
on

:M+Q 5-A5+77-A77

4 4] 2 8
- An

4

If data is being collected using a pump-probe scheme, then/oklys being
recorded, such that:
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A - K(& + A0 (n+ An)ZJHZ RUERY) ((5 + A0 (n+ An)ZH
4 16 2 4 16

2 2 2 2
— 5_ + 77_ 02 + ﬁ — 5_ + 77_ (65)
4 16 2 4 16
Consider that in practiceq, 5, n are all very smallx< 1, and therefore all the

significant terms after the subtraction include the following:

AA

2 2
:A77~9_A5+5~A5+A77+77~A77
2 4 2 16 8
which is purely a linear function of the polarization angle. Fitthrgslope of the

linear function, AX @), provides theA CD value for that wavelength. Transient

CD spectra were measured in rotating wheels, allowingtfaracterization of the

excited state and the following charge separated stat&; (P 'H,, and P'Q,).

Results and Discussion

The measurement of transient CD spectra has been tested orattvonreenter
samples, the wild type and M210YF mutant. The results are sunehanizigure

6.
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Figure 6: Time resolved CD spectral changes in the wild typeaorasnter and
the M210YF mutant measured in the 740-850 nm wavelength region.

In general, the difference CD spectra of the wild type and M2h0want are very
similar in shape, barring minor differences in certain shoulder bzsations.
This is not very surprising, because in the first place, thjernsharge separation
pathways are similar between those two reaction centers, @oddbg the
protein dielectric relaxations near the special dimer are rshimwbe nearly

180



identical for all of the mutants. In order to understand the CD spextsurvey
into its origin would be beneficial (a brief introduction of the tata strength is
given in Chapter 1).

The rotatory strength signal change in a pump-probe setup camwaave
sources: 1)the chromophores that are still in their ground sttelsave electric
dipole and magnetic dipole changes caused by the environment eciros
fluctuation(external field and nuclear rearrangements) 2) ltihenwphores that
leave from their ground states and enter other electronic seadeised state or
charge separated states) have their electric dipole and ncadipetie changes
solely caused by electronic state transition. According to fan®),(4), and (5)
in Chapter 1, for ground state CD signals, the transition goesdround state to
excited state, i.e. for the subscriptandb in expression (5)

a=gr

b =ex
For non-linear electronic CD signal, the chromophores are in éReited state
or charge separated states (including all the relaxed versions), i.e.:

ex ORcs - n(n =1,2,3..)

a

b =gr ORex —n(n = 2.3..)

The reverse transition observed in excited state is called timegatatory
dispersion”, it is predicted by Condon in 1§37—“The question is rather of pure
theoretical interest as it is unlikely that a sufficient concentration of excited
optically active molecules could be obtained to study the question

experimentally’— when laser has not been invented yet. According to Condon's
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papef?’, the positive rotatory dispersion and the negative rotatory dispersien ha
the following relationship:

R. = Ry (66)
This expression implies that, unless there is a lower exciwd # higher
excited state transition occurring in the same wavelengfiorrethe low lying
excited state CD spectrum should be mirror the ground state CD spectrum. For the

very early time € 3 ps), when P* dominates, the difference CD signalD , or
the difference rotatory strengtidR, is AR = R, , — R, ., and applying the

mirror rule above, one can determine tHRf . = —A—ZR. This relationship

indicates that the difference CD spectrum at that moment shoutat the shape
of the ground CD spectrum assigned to P, which is the red part gifciined state

spectrum among the transitions of all 6 cofactors (figure 7).

1(1.54)  Rb.spheroides © ~S) L e
3 Reaction Center 1 Y
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= _”,
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Figure 7: Spectral line assignment in the ground state absorption spaogium
the CD spectrum (from figure 47). The spectral lines are from TDDFT
calculations (see text). The electronic transitions associated wilt Rre
highlightened by red boxes. Figure is adapted from Refi%t al
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Figure 7 is reproduced from Ren et'&lpanel (a) and (c) are the experiment
absorption spectrum and CD spectrum respectively, while (b) andrédjhe
corresponding first principle calculation using time dependent defusittional
theory (TDDFT, B3LYP/6-31G basis set was applied on all 6 aafgctThe red
rectangular boxes are the spectral regions used to comphrthevidifference CD
signal measured in this work (figure 49 and 50a). Note that thereliiie CD
spectrum at 0.5 ps has a major peak around 1.53 eV which is also founden fig

50a, but in opposite sign.
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Figure 8: (akEarly time difference CD spectrum measured at 6.&rul 1.45
for Rb. sphaeroides wild type reaction cent. The upper scale is in eV, while t
bottom scale is in nnfb) Testing the mirror relationship betwedre tground CL
spectrum (invertedgnd the difference CD spectrum at 1.4 (vertically
translated and scaled)he ground CD spectruwas measured cacommercia
CD spectrometer (Model 815, JAS(nc.) over a 7000 nm wavelengt
region.
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The later spectral evolution of the charge separated state escavmiplicated, for
example, the major peak in the spectrum at 1.45 ps in figure 8d shiked
relative to the 0.5 ps spectrum. Despite this, the spectral shappe df45-ps
difference CD spectrum does share a large similarity viaghinverted ground
state CD spectral profile (figure 8b, 820-870 nm). Because theretisan
abundant amount of theoretical work addressing the transient CD osoegty
associated with the charge separated state, the discussion ofreékahs is
limited. Perhaps future theoretical/computational work can have furthe
development on this topic, and best utilize the transient CD spleatrhave been

measured.

Concluding remarks

Electron transfer in proteins is a complex phenomenon that is nibt we
understood. Researchers have approached this issue from differgrggtees
for many years. The Marcus theory, which is the mainstremwadays,
dominates the understanding without many alternatives. Limitationshef
original Marcus theory in bimolecular electron transfer have beswgnized for
some time, and modifications to the theory continue to develop. Mdstosé
modified versions remain on the analytical or numerical |emedl the common
act is to adopt set parameters as the input for rate constdidtipre The most
common data retrieved from the spectroscopy experiment on elecinsfet is
the time course of electron transfer kinetics, the rate corwftavitich does allow
for a direct comparison with the simulation data on this part, but suc
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comparing method leaves the uncertainty of multiple combinationhen t
parameter space (unless the number of parameter is only oreeXiffibulty
largely comes from the limited sources of the experimentttataare available,
making separation of parametes, which is required to testoaetloal model,
very difficult. To solve this problem, one possibility is to shift foeus away
from the reaction rate, which is currently the meeting point ¥peements and
computational simulations. Recent simulation techniques, like molecular
dynamics simulation based on empirical force field, abr initio quantum
chemistry calculations, open the possibility of obtaining varfparsmeters in a
realistic system with satisfactory accuracy (the onlystjae is the computing
power). If the spectroscopy experiments can provide information a@boettain
parameter that is coupled to the electron transfer but more dingoly the
electron transfer process itself, it would be useful to tesettieretical models
more effectively.

A theme that can be found throughout all electron transfer sturdibss
thesis is the role of protein dielectric relaxation aftehtligxcitation and the
charge separation that follows. Once the system is pertuebgdbging excited)
from its ground state in a portion of its electron distribution, tspaese of the
atomic system was divided into two parts: the nuclei (heavy pesifharges,
slow response to polarization) and the electron (negative charge &f near

mass, fast response to polarization). The corresponding dieleatrstants were

also separated into two: optical dielectric constgnt(high frequency limit,

corresponds to electron polarization), and static dielectric congtanflow
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frequency limit, corresponds to nuclei polarization). For most eleditansfer
processes under consideration, the reactions rates are tfasmtethe nuclear
relaxation frequency but slower than the electron relaxatiquérmcy. Therefore,
the electron transfer rate itself defines a low frequencyoffuter the nuclear
relaxation responses in the frequency domain. At this point, the fregue
dependence of the dielectric relaxation is significant becasiganictional form
directly determines how it is coupled to the electron transfer.

One of the reasons that the protein electron transfer is diffcbkcause
the nuclei can have a significant polarization inertial whichctlyelead to a
frequency dependence of dielectric relaxation stated above. &polarization
inertial is associated with the mechanical nature of the pratemflexible but
not too flexible. From either end, it would be much easier to deal Withe
atoms in a protein are tightly constrained like those in a crystal or in atbadids
then reduced into some phonon bands,and the electron transfer is dominated by
electron-phonon coupling. Protein frozen at very low temperature somehow
approaches this limit, as the the atoms loses the thermehtamti energy and
tend to stay vibrating around the equilibrium position at very low angdgs. The
Marcus model with the Franck-Condon factor in place of the expahésttor is

an exact description for such a scenario:
2 1 12
T
Ker = — H2 | ——— | (FC
ET T] RP( 47Z'ﬂoKBT] ( ) (67)

Where FC is the Franck-Condon factor:
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v’ [ 012
S exp_(/10+vna)+AG)
vl 42,K;T

(FC) = Zexp( -S)
Here S is the Huang-Rhys factor, and it represents the phonon ntonltiee

reorganization energy possessed by each vibrational mode, i.e.:

=2

nw
In the opposite case, if a protein is not held by any covalent b&wdsutlei are
free to move like ions in the electrolytes, particularly at hieghperature. If the
nuclei relaxation is fast enough to be incorporated into the electmosfér time
window, a full “thermal equilibrium” is reached within the reanttime scale,
which is in accordance with standard Marcus theory. The two extrenmt® nesl
above constitute two types of reorganization energy: one is ioibaat (or

sometimes called the “fast” one because of the time sohl¢he nuclei

movements)/ , and the other one is because of “solvation” (or sometimes called

the “slow” one) A, . The total reorganization energy is given by= A4 + A .

The “slow” reorganization energy, is the one that is sensitive to the electron

transfer time window, which has been pointed out by Matyushovt&f In
general, global translational and rotational motion of reactards geeatly
confined by the protein structure scaffolds whereas the motiong@fidns in
solution are not so restricted. Conformational changes of diffecdleictvities

then results in a fairly long memory in the dielectric raeteon kinetics and
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behaves as multiple-exponential decays. In the experiments, oneguiaisevas
to obtain this dielectric relaxation decay. In Wang et afiskwthe tryptophans
around the dimer were used as a probe to follow such a decay, profebly
interactions with an induced, local field in close proximity. Indygamic Stark
shift work, the transition dipoles from the accessory B&&lwere used to sense
the internal field fromP*H, or P'Q,. Even though the characterization of
dielectric realxation by the aforementioned measurements irera@ the
phenomenological level, for example, the time dependence of theoreheld is
simply embodied in seeing a difference compared with the elettamsfer
kinetics, yet they have the potential to aid in the understanding ogirprot
dielectrics at rapid time scales. By recognizing thaftia¢ein matrix generates a
reaction field—in addition to the fields formed by chromophore changes
vacuum—the contribution of the polarization intensity to the macroscagiit fi
and its time dependence both show strong correlations with the charge/dipol
distribution of the molecule's native geometry.

A first step to exploit the dielectric response can be to peepartain
mutants that re-design the charge/dipole distribution on the nativeeggom
While this method would not guarantee that the molecular fonmesmirely
preserved, the effect is assumed to be minor if single-sitagansis is being
introduced. The contamination on the cofactor free energy level caedbeed
by moving the mutation site away from the cofactor binding dé¢her
environmental factors can also be utilized to modulate the dieleetaxation

kinetics, including: buffer pH, detergent type, salt concentration, vigcos
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temperature, and pressure. This type of experiment designyitoedsvise and
carry out, but as explained above, as yet none of them can not adeposte
one Marcus formula parameter at a time. The reorganizationyeapedjits time
dependence is in close relation to the dielectric response ofysten®, and
experimental manipulation of this term is usually realized chgnging the
temperature. This practice appears to have a good specificityeiprimary
electron transfer as shofiinbut does not necessarily in reactions that occur on a
longer time scale. A possible solution might be to use a technitaiecén
selectively populate (or depopulate) the phonon density at a cemtgnehcy
region, such as a non-linear terahertz excitation experinhenthis type of
experiment, a strong terahertz pulse is used to excite a esdmpselectively
“heating” the protein at a given phonon frequency range, thus overcoonmg s
dynamic barriers and propelling the dielectric relaxation. Sutéclanique has
been used in semi-conductor research b&br&° but it is not clear if the energy
of the terahertz pulses indirectly generated by the amplifiesagphire laser

pulse is enough to achieve a good signal-to-noise ratio in the application here.
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APPENDIX A

ATOMIC CHARGE OF THE SPECIAL DIMER (CHARGE=+1.0)
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The +1.0 atomic charge of the special dimer P is distributed onto the
bacteriochlorophylls on two branches @hd k) in a ~2:1 ratio. The structural
coordinates of the entire dimer (both bacteriochlorophylls) have been tnee as
input for open shell DFT calculation (charge=1.0, multiplicity=2), using\B3L
hybrid functional together with a 6-31G* basis set. The optimization and ESP
potential calculation was carried out by Gaussian 09, BO1. RESP cliaxgs fi
perfomred by resp module in Ambertool (written by lan Gould). The molecular

dynamics simulation force field parameter files in AMBER formatsietl as

below:

RESIDUE plc ( Total Charge = 0. 609748 )
at ons

group

ngy KO 0.711893
gr oup

cha K3 -0. 096411
gr oup

chb K2 -0. 186973
hb J5 0. 154731
group

chc K2 -0.102474
hc J5 0. 121535
group

chd K2 -0.109348
hd J5 0.108136
gr oup

na ns -0. 022585
cla K5 0. 020146
cda K5 -0. 057924
gr oup

c2a L5 -0. 022919
h2a hc 0. 080121
group

c3a L5 0. 000101
h3a hc 0. 093630
group

cma L7 -0.107684
hmal hc 0. 054246
hma?2 hc 0. 054246
hma3 hc 0. 054246
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group
caa

haal
haa?
gr oup
cbha
hbal
hba?2
gr oup
cga
ola

gr oup
o2a

group
nb
clb
c4b
gr oup
c2b
c3b
gr oup
cnb
hnbl
hnmb?2
hnb3
group
cab
obb
gr oup
cbb
hbb1
hbb2
hbb3
gr oup
nc
clc
cdc
group
c2c
h2c
gr oup
c3c
h3c
gr oup
cnt
hntcl
hnt?2
hntc3
gr oup
cac

L6
hc
hc

L6
hc
hc

L1
L3

L2

K1
K9
K6

K4
K4

L7
hc
hc
hc

L4
L3

L7
hc
hc
hc

ns
K5
K5

L5
hc

L5
hc

L7
hc
hc
hc

L6

-0.104705
0. 046234
0. 046234

-0. 051064
0. 051880
0. 051880

0. 502934
-0. 422202

- 0. 450324

- 0. 109056
- 0. 028966
-0. 067562

0. 022597
-0. 070693

-0.272128
0. 114155
0. 114155
0. 114155

0. 387564
- 0. 350158

-0. 210450
0. 082206
0. 082206
0. 082206

-0. 141438
-0. 027702
- 0. 059348

-0.007328
0. 091450

-0. 010567
0. 097648

-0. 151274
0. 066117
0. 066117
0. 066117

0. 004813
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hacl
hac?2
group
cbhc
hbc1
hbc?2
hbc3
gr oup
nd
cld
c4d
group
c2d
c3d
group
cmd
hnd1
hnd?2
hnd3
gr oup
cad
obd
gr oup
chd
hbd
group
cgd
old
group
o2d
gr oup
ced
hed1l
hed2
hed3

gr oup
cl
hll
hl2
gr oup
c2
h21
gr oup
c3
gr oup
c4
h41
h42
h43

hc
hc

L7
hc
hc
hc

K1
K7
K8

K4
K4

L7
hc
hc
hc

LO
L3

L5
hc

L1
L3

L2

L7
hc
hc
hc

L6
hc
hc

Jo
J5

L9

L7
hc
hc
hc

0. 025859
0. 025859

-0. 114326
0. 038648
0. 038648
0. 038648

-0. 162042
0. 041400
0. 118405

0. 064306
0.011474

0. 193103
0. 097948
0. 097948
0. 097948

0.354734
0. 381439

0. 064705
0. 109492

0. 551745
0. 388899

0.361371

-0. 000148
0. 083986
0. 083986
0. 083986

0. 492381
-0. 038739
-0. 038739

-0. 342
0. 133

0. 055

-0.301
0. 092666
0. 092667
0. 092667
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group
c5

h51
h52
group
c6
h61
h62

group

h71
h72

gr oup

h81
group

ho1l
h92
h93
gr oup
c10
h101
h102
gr oup
cli
hl1l1l
hl12
gr oup
cl2
hil21
h122
gr oup
cl13
h131
gr oup
cl4
h141
h142
h143
gr oup
cl5
h151
h152
gr oup
cl6
h161
h162
gr oup
cl7

L6
hc
hc

L6
hc
hc

L6
hc
hc

L5
hc

L7
hc
hc
hc

L6
hc
hc

L6
hc
hc

L6
hc
hc

L5
hc

L7
hc
hc
hc

L6
hc
hc

L6
hc
hc

0. 098
0. 0075
0. 0075

-0.18
0. 09
0. 09

-0.18
0. 09
0. 09

-0.09
0. 09

-0. 27
0. 09
0. 09
0. 09

-0.18
0. 09
0. 09

-0.18
0. 09
0. 09

-0.18
0. 09
0. 09

-0. 09
0. 09

-0. 27
0. 09
0. 09
0. 09

-0.18
0. 09
0. 09

-0.18
0. 09
0. 09

-0.18
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hl71
hl72
gr oup
cl8
h181
gr oup
c19
h191
h192
h193
gr oup
c20
h201
h202
h203
end

bonds
nb
nb
c4b
nc
cdc
nd
c4d
na
cda
c4db
c4d
chb
c2b
c3b
cab
c2c
cnc
c3c
cac
c2d
c3d
chd
o2d
c3a
cna
c2a
caa
cbha
02a

cl

hc
hc

L5
hc

L7
hc
hc
hc

L7
hc
hc
hc

ng
clb

nb
clc
nc
cld
nd
cla
na
chc
cha
hb
cnb
cab
cbb
h2c
hntl
h3c
chc
cmd
cad
hbd
ced
h3a
hnmal
h2a
cbha
cga
cl

c2

-0

-0

-0

nc
clb

clc

cld

cla

chc
cha
chc
cnb
cab
cbb
c2c
cnc
c3c
cbhc
cmd
cad
chd
ced
c3a
cna
c2a
cbha
cga
cl

c2

.09
0. 09

.27
0. 09
0. 09
0. 09

.27
0. 09

ng
c2b

c2c
c2d
c2a

clc
cla
hc
hnbl
obb
hbb1l
cnce
hnt?2
cac
hbc1l
hnd1
obd
cgd
hed1l
cma
hnma?2
caa
hbal
ola
hl1

h21

nd
c2b

c2c
c2d
c2a

c4c
cda
chd
cnb

cbb

cnc
cac
cbhc
cmd
cad
cgd
ced

cna

caa
cbha
cga
cl

c2

ng
c3b

c3c
c3d
c3a

chd
chb
hd
hnmb?2

hbb2

hnt3
hacl
hbc?2
hnd2
chd
old
hed2

hna3
haal
hba2
02a
h12

c3
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na
c3b

c3c
c3d
c3a

chd
chb

cnb

cbb

cac
cbhc
cmd
chd
cgd
ced

ng
c4b

c4c

c4d

c4a

cld
clb

hnb3

hbb3

hac?2
hbc3
hnd3
cha
o2d
hed3

caa haa2



c3 c4

c3 c5

c5 c6

c6 c7

c7 c8

c8 c9

c8 c10
cl0 cl1
cll cl2
cl2 «cl13
cl3 cl4
cl3 «c15
cl5 «c16
clé cl7
cl7 c¢18
cl8 «c19
c1l8 c¢20
end

i mphd

clb c4b
c2b nb
clb c3b
cdb c2b
c3b nb

clc nc
nc c2c
nc c3c

cld c4d
c2d nd
cld c3d
c4d cad
c3d nd

cla na
na c2a
na c3a

c4d cbd
clb c4a
clc «c4b
cld c4c

c3b cbb
c3d chd
cbd cgd
cba cga

c4
c5
c6
c7
c8
c9
c10
cll
cl2
cl13
cl4
cl5
cl6
cl7
cl8
cl9
c20

nb

clb
c2b
c3b
c4db

c4c
clc
c4c

nd

cld
c2d
c3d
c4d

c4da
cla
c4da

cha
chb
chc
chd

cab
cad
old
ola

h41
h51
h61
h71
h81
hol
h101
h111
h121
h131
h141
h151
h161
h171
h181
h191
h201

ng
chb

cnb
cab
chc

chc
chd

chd
cmd
cad
cha

cha
chb

cla
hb
hc
hd

obb
obd
o2d
o2a

c4
c5
c6
c7

c9

c10
cll
cl2

cl4
cl5
cl6
cl7

cl9
c20

h42
h52
h62
h72

h92

h102
h112
h122

h142
h152
h162
h172

h192
h202
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c4

c9

cl4

cl9
c20

h43

h93

h143

h193
h203



#

c3 cl h21 «c¢2
c5 c2 c4 c3
end

termatom* *

RESI DUE_END

RESI DUE pnt ( Total Charge = 0. 39025 )
at ons

group

ny KO 0. 756135
group

cha K3 -0. 039836
group

chb K2 - 0. 134066
hb J5 0. 105199
gr oup

chc K2 -0.123113
hc J5 0. 103454
gr oup

chd K2 -0. 102564
hd J5 0. 133066
group

na ns -0. 091492
cla K5 -0. 060072
cda K5 - 0. 048160
group

c2a L5 -0. 041136
h2a hc 0.110103
gr oup

c3a L5 0. 000205
h3a hc 0.087423
gr oup

cma L7 -0. 149653
hmal hc 0. 069955
hma2 hc 0. 069955
hma3 hc 0. 069955
group

caa L6 -0.137319
haal hc 0. 025921
haa2 hc 0. 088476
gr oup

cbha L6 -0. 020510
hbal hc 0. 032095
hba?2 hc 0. 032095
gr oup

cga L1 0. 634271
ola L3 - 0. 498079
group
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o2a
group
nb
clb
c4b
gr oup
c2b
c3b

group

hnbl
hnb?2
hnb3
group
cab
obb
gr oup
cbb
hbb1
hbb2
hbb3
gr oup
nc
clc
c4c
group
c2c
h2c
gr oup
c3c
h3c
gr oup
cnt
hntl
hnt?2
hnt3
gr oup
cac
hacl
hac?2
gr oup
cbc
hbc1
hbc?2
hbc3
gr oup
nd
cld
c4d

gr oup

L2

K1
K9
K6

K4
K4

L7
hc
hc
hc

L4
L3

L7
hc
hc
hc

ns
K5
K5

L5
hc

L5
hc

L7
hc
hc
hc

L6
hc
hc

L7
hc
hc
hc

K1
K7
K8

- 0. 534018

- 0. 086385
- 0. 069196
-0. 126226

0. 017122
-0. 007016

-0. 071088
0. 055701
0. 055701
0. 055701

0. 293220
- 0. 355384

- 0. 045590
0. 046112
0. 046112
0. 046112

- 0. 103566
- 0. 020869
- 0. 099310

-0.027434
0. 088556

0. 024166
0. 077026

- 0. 199462
0. 073207
0. 073207
0. 073207

0. 016825
0. 015495
0. 015495

-0. 135142
0. 041522
0. 041522
0. 041522

-0. 231396
-0. 006634
-0. 119222
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c2d
c3d

gr oup

hnd1
hnd?2
hnd3
gr oup
cad
obd
group
chd
hbd
group
cgd
old

group
o2d
group
ced
hed1l
hed?2
hed3

group
cl

h11
h12

gr oup

h21
group

gr oup
c4
h41
h42
h43

group

h51
h52
gr oup
c6
h61
h62
gr oup
c7
h71
h72

K4
K4

L7
hc
hc
hc

LO
L3

L5
hc

L1
L3

L2

L7
hc
hc
hc

L6
hc
hc

JO
J5

L9

L7
hc
hc
hc

L6
hc
hc

L6
hc
hc

L6
hc
hc

0. 030211
- 0. 000845

- 0. 225584
0. 108863
0. 108863
0. 108863

0. 288650
-0. 345192

- 0. 044320
0. 065713

0. 623730
-0. 470385

- 0. 336361

- 0. 025965
0. 093710
0. 093710
0. 093710

0. 551234
-0.048128
-0.048128

-0. 342
0. 133

0. 055

-0. 301
0. 092666
0. 092667
0. 092667

0. 098
0. 0075
0. 0075

-0.18
0. 09
0. 09

-0.18
0.09
0.09
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group
c8

h81
gr oup
c9
ho1l
h92
h93
gr oup
c10
h101
h102
gr oup
cli
hll1l
hl12
gr oup
cl2
hi121
h122
gr oup
cl13
h131
gr oup
cl4
h141
h142
h143
gr oup
cl5
h151
h152
gr oup
cl6
h161
h162
gr oup
cl7
hl71
hl72
gr oup
cl18
h181
gr oup
c19
h191
h192
h193
gr oup
c20

L5
hc

L7
hc
hc
hc

L6
hc
hc

L6
hc
hc

L6
hc
hc

L5
hc

L7
hc
hc
hc

L6
hc
hc

L6
hc
hc

L6
hc
hc

L5
hc

L7
hc
hc
hc

-0. 09
0. 09

-0. 27
0. 09
0. 09
0. 09

-0.18
0. 09
0. 09

-0.18
0. 09
0. 09

-0.18
0. 09
0. 09

-0. 09
0. 09

-0. 27
0. 09
0. 09
0. 09

-0.18
0. 09
0. 09

-0.18
0. 09
0. 09

-0.18
0. 09
0. 09

-0. 09
0. 09

-0. 27
0. 09
0. 09
0. 09

-0. 27
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h201
h202
h203

end

bonds

nb
nb
c4b
nc
c4c
nd
c4d
na
cda
c4b
c4d
chb
c2b
c3b
cab
c2c
cnc
c3c
cac
c2d
c3d
chd
o2d
c3a
cna
c2a
caa
cbha
02a
#
cl
c3
c3
c5
c6
c7
c8
c8
c10
cll
cl2
cl3
cl3

hc
hc
hc

ng
clb

nb
clc
nc
cld
nd
cla
na
chc
cha
hb
cnb
cab
cbb
h2c
hntl
h3c
chc
cmd
cad
hbd
ced
h3a
hnmal
h2a
cbha
cga
cl

c2
c4
c5
c6
c7
c8
c9
c10
cll
cl2
cl13
cl4
cl1l5

nc
clb

clc

cld

cla

chc
cha
chc
cnb
cab
cbb
c2c
cnc
c3c
cbhc
cmd
cad
chd
ced
c3a
cna
c2a
cbha
cga
cl

c2
c4
c5
c6
c7
c8
c9
c10
cll
cl2
cl13
cl4
cl5

0. 09
0. 09
0. 09

ng
c2b

c2c
c2d
c2a

clc
cla
hc
hnbl
obb
hbb1l
cnce
hnt?2
cac
hbc1l
hnd1
obd
cgd
hed1l
cma
hnma?2
caa
hbal
ola
hl1l

h21
h41
h51
h61
h71
h81
hol
h101
h111
h121
h131
h141
h151

nd
c2b

c2c
c2d
c2a

c4c
cda
chd
cnb

cbb

cnc
cac
cbhc
cmd
cad
cgd
ced

cha

caa
cbha
cga
cl

c2
c4
c5
c6
c7

c9

c10
cll
cl2

cl4
cl5

ng
c3b

c3c
c3d
c3a

chd
chb
hd
hnmb?2

hbb2

hnt3
hacl
hbc?2
hnd2
chd
old
hed2

hna3
haal
hba2
02a
h12

c3

h42
h52
h62
h72

h92

h102
h112
h122

h142
h152

217

na
c3b

c3c
c3d
c3a

chd
chb

cnb

cbb

cac
cbhc
cmd
chd
cgd
ced

ng
c4b

c4c

c4d

c4a

cld
clb

hnb3

hbb3

hac?2
hbc3
hnd3
cha
o2d
hed3

caa haa2

c4

c9

cl4

h43

h93

h143



cl5 «c16
clé cl7
cl7 «c¢18
cl8 «c19
c1l8 c¢20
end

i mphd

clb c4b
c2b nb
clb c3b
cdb c2b
c3b nb

clc nc
nc c2c
nc c3c

cld c4d
c2d nd

cld c3d
c4d cad
c3d nd

#

cla na

na c2a
na c3a
#

c4d cbd
clb c4a
clc «c4b
cld c4c
#

c3b cbb
c3d cbd
cbd cgd
cba cga
#

c3 cl

c5 c2

end

cl6
cl7
cl8
cl19
c20

nb

clb
c2b
c3b
c4db

c4c
clc
c4c

nd

cld
c2d
c3d
c4d

c4a
cla
c4da

cha
chb
chc
chd

cab
cad
old
ola

h21
c4

termatom* *
RESI DUE_END

h161
h171
h181
h191
h201

g
chb

cnb
cab
chc

g
chc

chd

ng
chd

cnd
cad
cha

g
cha

chb

cla
hb
hc
hd

obb
obd
o2d
o02a

c2
c3

cl6
cl7

cl9
c20

h162
h172

h192
h202
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cl9 h193
c20 h203
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APPENDIX B

DEFINITION OF RMSD
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Root Mean Squared Deviation (RMSD)

The RMSD between two structures is defined as

() = (1)

N

a

RMS[t ) =

Where« is referring to the certain atom within the structure being compared

(atom index),N,, is the total atom number of the subseft ) is the position

vector of atome at certain momenr<ra> is the position vector average over the

simulation time, i.e. if time is discretized, it is expressed as follows:

- 1 N
<ra> = N Z r‘oz(tj )
N =
In this thesis, the average position vec<11€y> is replaced by the initially crystal

structure or an optimized mutated structure before the simulation, that is:

SN (r () - 1)
N

a

RMS[t ) =
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